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METHOD AND APPARATUS FOR CHARACTERIZING MATERIALS 
BY USING A MECHANICAL RESONATOR 



F I ELD OF THE INVENT I ON 

The pr e s e nt inv e nt i on gen e ra ll y r ola t o s to m e thods and apparatuo for rap i d l y scr ee n i ng 
an a rray of div e rs e mater i a l s that hav o boen creat e d a t known locations on a s i ng le 
substrat e surfac e . Mor e sp e c i f i ca ll y, th e i nv e nt i on i s d i r e ct e d to th e use of ultrason i c 
a nd/or m e chan i cal transduc e rs to imag e and/or e valuat e th e i nd i v i du al ele m e nts of a 
library of materials. Tho oros e nt inv e nt i on is also dir e ct e d to CLAIM OF PRIORITY 
[0001] This application is a continuation of 10/266.047. filed on October 7, 2002, 
which is a continuation of 10/201.181. filed on July 23. 2002. which is a continuation of 
09/800.819, filed on March 7. 2001 . now U.S. Patent No. 6.494.079. which is a 
divisional of 09/133.171, filed on August 12. 1998. now U.S. Patent No. 6,393,895, 
which is a CIP of 08/946,921. filed October 8. 1997. now U.S. Patent No. 6.182,499. 

TECHNICAL FIELD 

[0002] The present invention is directed to using mechanical oscillators for 
measuring various properties of fluids (including both liquids and vapors), and more 
particularly to a method and system using a mechanical oscillator (resonator) for 
measuring physical, electrical and/or chemical properties of a fluid based on the 
resonator's response in the fluid to a variable frequency input signal. 

BACKGROUND OF THE I NVENT I ON ART 

Th e d i scovery of n e w materials w i th nove l chem i ca l and phys i ca l prop e rt i es oft e n l e ads 
to th e d e v e lopm e nt of new and us e ful techno l ogi e s. Curr e nt l y, thor o is a tr e m e ndous 
amount of act i v i ty i n — the — d i scovery and — opt i m i zat i on — of mat e r i a l s, — such — as 
sup e rconductors, z e o l it e s, magn e t i c m a t e rials, phosp ho rs, cata l yst s, therm o ele ctr i c 
mater i a l s, high and l ow di ele ctr i c mat e ria l s and the l i ko. Unfortunat el y, even though th e 
ch e m i stry of e xt e nd e d sol i ds has b ee n e xt e ns i v e ly e xp l or e d, f e w g e n e ra l pr i ncip le s 
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hav e e m o rg o d that a l low one to pr e dict w i th c e rta i nty th e compos i tion, structur e a nd 
r e action pathways for th e synth e sis of such so l id stat e compounds. 

[0003] The pr e paration of n e w m a t e rials w i th nov e l ch e m i ca l and phys i c al properties 
i s at b e st happ e nst a nc e w i th our curr e nt l e v e l of und e rst a n din g. Cons e qu e ntly, th e 
discovery of n o w mat e rials dop o n ds largely on the ability to synthe s ize a nd anal y ze ne w 
compounds. Giv e n approximato l y 100 el em ents in the periodic ta b le that can be used to 
m a k e compos i tions cons i st i ng of two o r m ore eleme nt s, a n incredib l y larg e nu mb e r of 
poss i b l e n e w compounds rema i ns largely un e xp l or e d. As such, th e r e e x i sts a n ee d i n 
the a rt for a mor e e ffic ie nt , e co no m i c al a nd systematic approa ch for th e synthesis of 
nov e l mat e r i als and for th e scr ee n i ng of such mat e r ial s for useful p r op e rti e s. Companies 
are turning to combinatorial chemistry techniques for developing new compounds 
having novel physical and chemical properties. Combinatorial chemistry involves 
creating a large number of chemical compounds by reacting a known set of starting 
chemicals in all possible combinations and then analyzing the properties of each 
compound systematically to locate compounds having specific desired properties. See, 
for example, U.S. patent application Ser. No. 08/327,513 (published as WO 96/11878), 
filed Oct. 18, 1994, entitled "The Combinatorial Synthesis of Novel Materials", the 
disclosure of which is incorporated by reference. 

[0004] The virtually endless number of possible compounds that can be created from 
the Periodic Table of Elements reguires a systematic approach to the synthesizing and 
screening processes. Thus, any system that can analyze each compound's properties 
quickly and accurately is highly desirable. Further, such a system would be useful in any 
application requiring quick, accurate measurement of a liquid's properties, such as in- 
line measurement of additive concentrations in gasoline flowing through a conduit or 
detection of environmentally-offending molecules, such as hydrogen sulfide, flowing 
through a smokestack. 

On e of th e proc e ss e s wher e by natu re produc e s mo le cu le s having no v el f un c t ion s 
invo l v e s th e g e n e r a tion of l arg e col le ct i ons ( li br aries) o f mo le cu le s and th e syst e matic 
scr e en i ng of thos e co lle ct i o n s for mol e cu le s hav i ng a d e sir e d prop e rty. An e xamp l e of 
such a proc e ss i s th e humora l i mmune syst e m wh i c h in a ma tt e r of w ee ks sorts through 
s om e 1 0 42 a nt i body mo le cul e s to find on e which spe c i fical l y binds a fore ign pathogen 
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(Nisonoff o t a L, Th e Ant i body Mo lo cul o (Acad e mic Press, N.Y., 1975)). This not i on of 
generat i ng and scr ee ning l a rgo li braries of moloculos has rocontly boon appl i ed to the 
drug d i scov e ry proc e ss. 

App l y i ng th i s l og i c, m e thods hav e b e en d e v e lop e d for th e synth e s i s and scr ee n i ng of 
la rg e li brar ie s (up to 1 0 44 mo le cu le s) of p e pt i des, o li gonucleot i des and oth e r sm all 
mol e cul e s. G e ys e n o t aL, for e xamp le , hav o dev el oped a method where i n p e pt i d e 
synth e ses a r e carr i ed out in p a rall el on sev e ral rods or p i ns (J. I mmun. M o th. 102:259 
27 4 (1987), i ncorporat e d h e ro i n by r e f e r e nc e for a ll purposes). G e n e ra ll y, th e G e ys e n e t 
a L method i nvo l v e s funct i ona l iz i ng th e t e rm i n i of po l ym e r i c rods and s e qu e nt i al l y 
i mmers i ng th e t e rm i n i i n so l ut i ons of ind i v i dua l am i no a cids. I n addit i on to th e Geysen et 
aL m e thod, t e chniqu e s have r e c e nt l y b ee n i ntroduc e d for synth e s i zing l arg o a rr a ys of 
diff e r e nt p e pt i d e s a nd oth e r po l ym e rs on so li d surfac e s. Pirrung e t al h a v e d e v el op e d a 
techniqu e for g e n e rat i ng arrays of p e ptides and oth e r mo le cu le s using, for e xample, 
li ght d i rect e d, sp a t i al l y a ddr e ss a bl e synthes i s techn i qu e s (U.S. Pat. No. 5,143,854 and 
PCT Publ i cat i o n No. WO 90/15070, i ncorporat e d h e r ei n by ref e r e nc e for a l l purposes). 
I n add i tion, Fodor e t aL hav e d e v el oped a m e thod of gather i ng f l uor e scenc e i nt e ns i ty 
d a ta, var i ous photos e nsitiv e prot e ct i ng groups, mask i ng t e chn i qu e s, and automated 
techniqu e s for performing li ght d i rect e d, spatia l ly addr e ssab le synth e sis t e chn i qu e s 
(Fodor ot a L, PCT Publ i cation No. WO 92/10092, tho teach i ngs of which a r e 
incorporat e d h e r e in by r e f e r e nc e for all purpos e s). 

Using these various m e thods, arrays containing thousands or millions of different 
e l e m e nts can b e formed (U.S. p a tent a pp l ication S e r. No. 08/805,727, f ile d Dec. 6, 
1991, tho comp l et e disc l osure of wh i ch is i ncorporated herein by reference for all 
purpos e s). As a r e su l t of th e ir r ela t i onsh i p to s e m ico nductor fabr i cation t e chn i qu e s, 
these methods havo com o to b e r o forrod to as "Very Larg e Scale Immob i l i zed Po l ym e r 
Synth e sis," or "VLS I PSTM." technology. Such t e chn i qu e s hav e m e t w i th substant i al 
succ e ss in scr ee n i ng various ligands such as p e ptid e s a nd o li gonuc le ot i des to 
d e t e rm i n e the i r relat i ve bind i ng aff i n i ty to a r e c e ptor such as an ant i body. 

Th e so li d p h a s e s ynthesis techniqu e s current l y be i ng us e d to pr e par e suc h li brar ie s 
i nvolve th e sequent i a l coupl i ng of bu i lding blocks to form th e compounds of int e r e st. For 
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o x a mpl o , i n th o P i rrung o t a l. m e thod po l yp o pt i d e arrays a r o synth e s i z e d on a substrat e 
by attach i ng photor e movabl e groups to tho surfac e of tho substrate, exposing s e l e ct e d 
r e g i ons of th e substrat e to li ght to act i v a t e thos e r e g i ons, attach i ng an am i no acid 
monomer w i th a photor e movab le group to the act i vated reg i on, and r e p e at i ng th e st e ps 
of act i vation and attachm e nt unti l po l yp e pt i d e s of th e d e s i r e d le ngth and s e qu e nc e ar e 
synthes i zed. These sol i d phase synthesis tochn i quos cannot read i ly bo usod to proparo 
many inorgan i c and organic c ompounds. 

I n PCT WO 96/11878, the compl e t e disc l osure of wh i ch i s incorpor a t e d h e r e in by 
r e f e r e nc e , m e thods and appar a tus a r e d i sc l os e d for pr e paring a substrat e with an arr a y 
of d i v e rs e mat e r ial s d e pos i t e d i n pr e d e f i n e d r e g i ons. Som e of th e m e thods of d e pos i t i on 
d i sclos e d in PCT WO 96/11878 inc l ude sputter i ng, ab l ation, e v a porat i on, and li quid 
d i sp e ns i ng syst e ms. Us i ng th e disclos e d m e thodo l ogy, many c l ass e s of mat e r i a l s c a n 
b e generated comb i nator i ally i ncluding i norganics, int er m o tal li cs, m e tal a l loys, a nd 
c e ramics. 

In general, comb i nator i a l chem i stry rofors to tho approach of creat i ng vast numbers of 
compounds by r e act i ng a s e t of starting chem i ca l s in a ll poss i ble combinations. Sinc e i ts 
i ntroduct i on i nto the pharmacout i ca l i ndustry in tho late 80's, i t has dramat i cally sped up 
th e drug d i scovery proc e ss a nd i s now becoming a standard pract i c e i n th e industry 
(Chem. Eng. Nows Feb. 12, 1996). More recently, comb i natorial techniqu e s h a v o b ee n 
succ e ssfu l ly a pp l i e d to th e synth e s i s of inorganic mat e ria l s (G. Bric e no et al., SC I ENCE 
270, 273 275, 1995 and X.D. X i ang ot a l ., SCIENCE 268, 1738 1740, 1995). By us e of 
various surfac e d e position techn i ques, m a sking strat e gi e s, and proc e ssing conditions, i t 
i s now poss i b l e to gonorato hundreds to thousands of materia l s of d i st i nct compos i t i ons 
p e r square inch. Th e s e mat e r i a l s i nclud e high T G supercon ductors, magnetor e s i stors, 
and phosphors. D i scovery of heterogeneous catalysts w il l no doubt be a cc ele rat o d by 
th e i ntroduction of such comb i natorial appro a ch e s. 

A major difficulty with these pro c e sses is th e lack of f a st a nd r e liabl e test i ng m e thods for 
rap i d scro o n i ng and opt i mizat i on of tho materials. Recent l y, a par allel screening method 
bas e d on react i on h e at format i on has b ee n report e d (F, C. Moat e s e t a l ., I nd. Eng. 
Ch e m. R e s. 35, 4801 4803, 1996). For oxidation of hydrogen over a metall i c surface, i t 



Express Mailing No. EV689505560US Substitute Specification 

ATTORNEY DOCKET No. 1012-122C5 (97-8CIP1CON5) 

is possib le to obt a in IR radiatio n imag e s of an a rray of cata l ysts. Th e hot spots i n th e 
imago corr e spond to act i ve c a talysts and can b o r o so l vod by an i nfrared camera. 

Sc reeni ng l arg e arrays of mat er ials i n combin a toria l l i brar ie s c r e at e s a numb e r of 
c h a l l e ng e s — for — e x is t i ng — analytical — t e chn i qu e s. — Fof — e xamp le , — trad i t i ona ll y, — a 
h e terog e n e ous cata l yst is charact e r i z e d by th e use of a m i cro re a ctor that contains a 
f e w grams of porous -supported catalysts . Unfortunat el y, th e trad i tiona l m o thod cannot 
b e us e d to scr ee n a catalyst library g enerated w i th comb i nator ial methods. F i rst, a 
h e terog e n e ous cata l yst . library synth e siz e d by a comb i nator ial ch e m i stry m e th od may 
cont a in from a f e w h u nd r e d to man y thousa nds of catalysts. I t is i mpractica l to 
synthes i z e a fe w grams of each catal yst i n a comb i nator i a l format. S e cond, th e 
r e sponse t i m e of micro - r e actors i s typ i c a l l y on th e ord e r of a f e w minut e s. The time it 
tak e s to r e ach e qu ili b ri um c o nditions is o ven long e r. I t is difficult to ach io v o high 
throughput scr e ening with such l ong r e spons e t i m e s. 

Anoth e r ch alle ng e w i th scr e ening cata l yst arrays i s the lo w concentra tion of 
compon e nts that may b e pr e sent in tho reactions. For example, ox i dat i on of o thyl o n o to 
e thy l e n e oxid e can be carried out over a s il ver-bas ed cataly st (S. R e bsdat et al., U.S. 
P a t. Nos. 4,471,071 and 4,808,738). For a surface supported cata l yst w i th an area of 1 
mm by 1 mm and t ho sa m e act i v i ty as th e i ndustrial catalyst, only a bou t 10 p arts per 
b il lion (ppb) of e thylene ar e converted into th e desired ethy l ene oxide when th e contact 
tim e i s on e s e cond. 

Detection of such l ow component l e v e ls i n th o pr o s on c o of sov o ra l atmosph e r e s of 
r o action m i xture is a cha lle nge to ana l ytical methods. Many analytica l t e chniqu e s, 
in c l ud ing o ptical methods such as four-wave mixing spectro sco p y an d cavity ring - down 
absorption spoctroscopy as well as conventional methods such as GC/MS, are 
e xclud e d because of poor sensitivi t ie s, non uni v ersal d e t e ct a b il ity, and/or s l ow 
response. Th o refor o an apparatus and methodology for scrooning a substrat e having an 
arra y o f materials th a t diff er slightl y i n ch e m ical co mpos i t i on, — conc e ntrat i on, 
sto i ch i om e try, and/or thickn e ss i s d e s i rab le . 



5 



Express Mailing No. EV689505560US Substitute Specification 

Attorney Docket No. 1012-122C5 (97-8CIP1CON5) 

[0005] It is therefore an object of the invention to measure simultaneously both the 
physical and the electrical properties of a fluid composition using a mechanical 
resonator device. 

[0006] It is also an object of the invention to detect differences clearly between two 
or more compounds in a fluid composition by using a mechanical resonator device to 
measure a composition's physical and electrical properties. 

[0007] It is a further object of the invention to use a mechanical resonator device to 
monitor and measure a physical or chemical transformation of a fluid composition. 
[0008] It is also an object of the invention to use a mechanical resonator device to 
detect the presence of a specific material in a fluid. 

SUMMARY OF THE INVENTION 

Th e pr e se nt inventi on provid e s m e t h ods and appar a tus for int e rrogat i ng an array of 
d i v e rs e mat e r i a l s l ocat e d at pr e d e f i n e d r e g i ons on a s i ngl e substrate. Typically, e a ch of 
th e ind i v i dual m a t e ria l s w i ll b e scr ee n e d or i nt e rrogat e d for on e or mor e p r o p ertie s . 
Onco screened, the . i nd i v i dual mat o rials may bo ranked or oth e rwis e compared re l at i ve 
to ea ch oth e r w i th r e sp e ct to th e m a t e r i al characteris tics und e r inv e st i gat i on. 

I n on e aspect of the i nv e ntion, syst e ms and m e thods ar e prov i d e d for imag i ng a l ibrary 
of mater i a l s using ultrasonic imag i ng techn i ques. Th o syst e m i nc l udes one or more 
d o vic o s for excit i ng an e l e m e nt of th e library such that acoust i c wav e s aro prop a gat e d 
through, and from, th e e lement. Tho a coust i c waves propagated from tho olomont ar e 
dot o cted and proc e ss e d to yi eld a v isu a l imag e of th e library e lement. Th o acoust i c 
wave data can also b e proc e ss e d to obta i n information about th e e lastic prop e rt i es of 
th e li brary ele ment. In on e e mbodiment of th e inv e ntion, th e acoustic wav e d e t e ctor 
scans th e l ibrary in a raster patt e rn, thus provid i ng a v i sual i mag e of the e ntir e l i brary. 

In a noth e r asp e ct of th e i nv e n tion, s yst e ms and m e thods ar o prov i ded for g e n e rating 
acoust i c waves in a tank f i l le d w i th a coup li ng li qu i d. Th o li brary of mat o rials is th o n 
p l ac e d i n the tank a nd th e surfac e of th e couplin g l i qu i d i s s canned w i th a l as e r b e am. 
Th o structur e of th e l iqu i d surfac e d i sturb e d by the a coust i c wav e i s r e cord e d, th e 
r e cord e d disturb a nc e b ei ng r e pres e nt a tive of th e phy si ca l structur e of th e l i brary. 
Accord i ngly, a corr e spondenc e betw e en th e surf a c e patt e rn and th e g e ometry a nd 
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m e chanical prop e rt ie s of th e l ibrary can b o construct e d. 

I n a noth e r asp e ct of th e i nv e nt ion, a p rob e that includes a m e chan i ca l resonato r is us e d 
to e va l uat e variou s prop e rti e s ( e .g., mo le cul a r we i ght, v iscosity, s p o c i f i c we i ght, 
el astic i ty, d iolo ctr i c constant, conductiv i ty, o tc.) of t he i nd i v i dual l iquid olo monts o f a 
l ibrary of m ateri a ls. The res onator is design e d to in e ff e ctively exc i t e acou s t i c waves. 
Th e fr e qu e ncy r e spons e of th e r e son a tor is m e asur e d for th e li qu i d el em e nt und o r t e st, 
preferably as a f uncti on of tim e . By calibrating th e r e sonator to a s e t of sta n da r d liq u i ds 
with known properti e s, th e prop erties of t he unknow n liquid c an b o d o t o rminod. An array 
of l ibrary elements can be ch a ract e r i z e d by a s i ng le sc a nn i ng transduc er or by using an 
array of tra nsducers corr e spond i ng to the array of l ibr a ry ele m e nts. 

[0009] The present invention includes a method for measuring a property of a fluid 
composition using a tuning fork resonator, the method comprising: 

placing the tuning fork resonator in the fluid composition such that at least a 
portion of the tuning fork resonator is submerged in the fluid composition; 

applying a variable frequency input signal to a measurement circuit coupled with 
the tuning fork resonator to oscillate the tuning fork resonator; 

varying the frequency of the variable frequency input signal over a predetermined 
frequency range to obtain a frequency-dependent resonator response of the tuning fork 
resonator; and 

determining the property of the fluid composition based on the resonator 
response. 

[0010] The method can also measure a plurality of fluid compositions, wherein the 
fluid compositions are liquid compositions, using a plurality of tuning fork resonators, 
wherein the method further comprises: 
providing an array of sample wells; 

placing each of said plurality of liquid compositions in a separate sample well; 
placing at least one of said plurality of tuning fork resonators in at least one 
sample well; 

applying a variable frequency input signal to a measurement circuit coupled with 
each tuning fork resonator in said at least one sample wells to oscillate each tuning fork 
resonator associated with each of said at least one sample well; 
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varying the frequency of the variable frequency input signal over a predetermined 
frequency range to obtain a frequency-dependent resonator response of each tuning 
fork resonator associated with said at least one sample well; and 

analyzing the resonator response of each tuning fork resonator associated with 
said at least one sample well to measure a property of each liquid composition in said at 
least one sample well. 

[0011] Accordingly, the present invention is directed primarily to a method using a 
mechanical piezoelectric quartz resonator ("mechanical resonator") for measuring 
physical and electrical properties, such as the viscosity density product, the dielectric 
constant, and the conductivity of sample liquid compositions in a combinatorial 
chemistry process. The detailed description below focuses primarily on thickness shear 
mode ("TSM") resonators and tuning fork resonators, but other types of resonators can 
be used, such as tridents, cantilevers, torsion bars, bimorphs, or membrane resonators. 
Both the TSM resonator and the tuning fork resonator can be used to measure a 
plurality of compounds in a liquid composition, but the tuning fork resonator has 
desirable properties that make it more versatile than the TSM resonator. 
[0012] The mechanical resonator is connected to a measuring circuit that sends a 
variable frequency input signal, such as a sinusoidal wave, that sweeps over a 
predetermined frequency range, preferably in the 25-30 kHz range for the tuning fork 
resonator and in a higher range for the TSM resonator. The resonator response over 
the frequency range is then monitored to determine selected physical and electrical 
properties of the liquid being tested. Although both the TSM resonator and the tuning 
fork resonator can be used to test physical and electrical properties, the tuning fork 
resonator is an improvement over the TSM resonator because of the tuning fork's 
unique response characteristics and high sensitivity. 

[0013] Both the TSM resonator and the tuning fork resonator can be used in 
combinatorial chemistry applications according to the present invention. The small size 
and quick response of the tuning fork resonator in particular makes it especially suitable 
for use in combinatorial chemistry applications, where the properties of a vast number of 
chemicals must be analyzed and screened in a short time period. In a preferred 
embodiment, a plurality of sample wells containing a plurality of liquid compositions are 
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disposed on an array. A plurality of TSM or tuning fork resonators are dipped into the 
liquid compositions, preferably one resonator per composition, and then oscillated via 
the measuring circuit. Because the resonating characteristics of both the TSM resonator 
and the tuning fork resonator virtually eliminate the generation of acoustic waves, the 
size of the sample wells can be kept small without the concern of acoustic waves 
reflecting from the walls of the sample wells. In practice, the tuning forks can be 
oscillated at a lower frequency range than TSM resonators, making the tuning forks 
more applicable to real-world applications and more suitable for testing a wide variety of 
compositions, including high molecular weight liquids. 

[0014] In another embodiment of the invention, the mechanical resonator is coated 
with a material to change the resonator's characteristics. The material can be a general 
coating to protect the resonator from corrosion or other problems affecting the 
resonator's performance, or it can be a specialized "functionalization" coating that 
changes the resonator's response if a selected substance is present in the composition 
being tested by the resonator. 

[0015] To obtain a more complete range of characteristics for a selected fluid 
composition, multiple resonators having different resonator characteristics can be 
connected together as a single sensor for measuring the fluid composition. The 
resonator responses from all of the resonators in the sensor can then be correlated to 
obtain additional information about the composition being tested. By using resonators 
having different characteristics, the fluid composition can be tested over a wider 
frequency range than a single resonator. Alternatively, a single resonator that can be 
operated in multiple mechanical modes (e.g. shear mode, torsion mode, etc.) can be 
used instead of the multiple resonators. The resonator responses corresponding to 
each mode would be correlated to obtain the additional information about the 
composition. 

[0016] The mechanical resonator system of the present invention, particularly a 
system using the tuning fork resonator, can also be used to monitor changes in a 
particular liquid by keeping the resonator in the liquid composition as it undergoes a 
physical and/or chemical change, such as a polymerization reaction. The invention is 
not limited to measuring liquids, however; the quick response of the tuning fork 
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resonator makes it suitable for measuring the composition of fluid compositions, both 
liquid and vaporous, that are flowing through a conduit to monitor the composition of the 
fluid. 

A further understanding of tho nature and advantag e s of th o inv e nt i ons horo i n may be 
r e a li z e d by r e f e r e nc e to th e r e ma i n i ng portions of th e spec i f i cat i on and th e attach e d 
draw i ngs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIGS. 1a and 1b are cross-sectional views of a TSM resonator plate and a 
tuning fork resonator tine used in preferred embodiments of the present invention, 
respectively; 

[0018] FIG. 1 i s a n ill ustrat i on of a transduc e r - le ns syst e m for im a g i ng a li brary of 
ele m e nts; 2 is a block diagram illustrating an example of a composition testing system of 
the present invention; 

[0019] FIG. 2 ill ustrates an u l tr a son i c i mag i ng syst e m ut ili zing a p i ezo e l e ctr i c 
tr a nsduc e r arr a y; 3 is a representative diagram illustrating oscillation characteristics of 
the tuning fork resonator used in a preferred embodiment of the present invention; 
F I G. 3 i ll ustrat e s th e osc il lat i on mod e of a tun i ng fork r e son a tor; 

FIG. 4 il lustrates th e osc ill at i on mod e of a bimorph/un i morph r e sonator; 

FIGS. 5a and 5b ar e cross - s e ct i onal v i ews of a TSM r e sonator p l at e and a tuning fork 
r e sonator tine use d i n pr e f e rr ed em bo diments o f th e pr e s e nt i nv e nt i on, resp e ct i v el y; 

FIG. 6 i l l ustrat e s a n e mbodiment of th o i nv e nt i on us e d to d o t o rmin o tho av e rage 
molecular weight of polystyrene in to l uene dur i ng po l ymerizat i on; 

FIG. 7 i s a gr a ph of th e fr e qu e ncy r e spons e of a tun i ng fork resonator for pur e 
toluene 4a and four diff e r e nt mo le cu l ar w e ights of po l ystyr e n e ; 

FIG. 8 i s a graph of a ca li br a t i on curv e corr e sponding to th e data shown i n FIG. 7; 

[0020] FIGS. 9a and 9b 4 b are simplified schematic diagrams illustrating a tuning 
fork resonator connection with the measurement circuit in a preferred embodiment of 
the present invention; 

FIG. 9g4c illustrates a sample response of the representative circuit shown in FIG. 
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FIG. 10 i l l ustrat e s an e mbod i ment of th o i nv e nt i on us e d for high throughput scr ee n i ng of 
cata l yst comb i nator i a l li braries; and 

[0021] F I G. 1 1 i s a s i mp li f ie d c i rcu i t di a gram for a mult i p le x e d control c i rcu i t su i tab l e 
for us e wit h the em bod i ment shown i n F I G. 10. 4b; 

[0022] FIGS. 42a5a and 4£b5b are examples of traces comparing the frequency 
responses of the TSM resonator and the tuning fork resonator of the present invention, 
respectively; 

[0023] FIGS. 4£a6a and 4Sb6b are examples of graphs illustrating the relationship 
between the viscosity density product and the equivalent serial resistance of the TSM 
resonator and the tuning fork resonator of the present invention, respectively; 
[0024] FIGS. 44a7a and 44te7b are examples of graphs illustrating the relationship 
between the dielectric constant and the equivalent parallel capacitance of the TSM 
resonator and the tuning fork resonator of the present invention, respectively; 
[0025] FIGS. 4&a8a and 4§b8b are examples of graphs illustrating the relationship 
between the molecular weight of a sample composition and the equivalent serial 
resistance of the TSM resonator and the tuning fork resonator of the present invention, 
respectively, in a polymerization reaction; 

[0026] FIGS. 4§a9a and 4&k-9b illustrate another embodiment of the invention using 
a resonator that is treated with a coating for targeting detection of specific chemicals; 
and 

[0027] FIGS. 17a, 17b, and 17c 10a, 10b and 10c illustrate examples of different 
multiple resonator sensors of yet another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Glossary 

Th e fo l lowing t e rms a r e i nt e nd e d to hav e th e fol l ow i ng g e n e ral m ea n i ngs as us e d 
her ei n. 

Substr a te 

A substrat e is a mat e r i a l hav i ng a rig i d or s e m i- rig i d surfac e . In many e mbod i ments a t 
l e a st on e surf a c e of th e substr a to wil l b e substant i a ll y flat. I n som o o mbod i m o nts t h e 
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substrat e w il l contain physica l separat i ons b e tw oo n synth e s i s r e g i ons for d iff er e nt 
materials. Su i table phys i cal separations inc l ude, for examp l e, d i mples, we l ls, ra i sed 
reg i ons, a nd e tched tr e nches. Accord i ng to ot her em bod i m e nts, sma ll b e ads or pellets 
may bo prov i ded on the surface, either alono or within substrate surfac e dimp le s. The 
surfac e area of th e substrat e i s d e sign e d to m ee t th e r e qu i r e m e nts of a p articular 
app l ication. Typical l y, the surfac e area of th e substrat e i s i n th e range of 1 cm ^ to 4 00 
em 2 . How e v e r, oth e r s i z e s m ay be used with th e pr e s e nt i nvent i on, for e xamp le surfac e 
ar e as as small as 0.001 cm 2 or as large as 10 m ^ are possible. 

Pr e d e f i n ed Re gion 

A pr e defin e d r e gion i s a loca l ized ar ea on a sub s trat e th a t i s, was, or is intended to b e 
used for the format i on of a sp e cif i c material. The predefined region may bo r e f e rred to, 
i n th e alt e rnativ e , as a " known " region, a "r e action" r e gion, a "se le ct e d" r e gion, or s i mp l y 
a "r e gion." Th e pr e d e fined reg i on may hav e any conv e ni e nt shape, e.g., l i near, circular, 
r e ctangular, e lliptica l , or w e dg e- shaped. Addition al ly, th e pr edefined region can be a 
bead or p ell et wh i ch is coated with the component(s) of int e r e st. In this embodim e nt, the 
bead or pel l e t can b e i dentified w ith a ta g, such as an etch e d b i nary bar cod e, th at c a n 
be us e d to i dentify wh i ch components w e re deposited on tho b e ad or pellet. Th e area of 
th e pr e d e f i ned regions depends on th e a pp l icat io n and i s typ i cally sm al l e r than about 25 
em 2 . However, the pr e d e fined r e gions may b e sma lle r than 10 cm 2 , sma l ler than 5 cm 2 T 
smaller th an 1 cm 2 smaller than 1 mm 2 , smaller th a n 0.5 mm 2 , sm alle r than 10,000 
fcim 2 smal le r than 1,000 pm 2 smal le r than 100 pm 2 or e v e n smal le r than 10 pm 2 T 

Rad i ation 

Radiation r e f e rs to e n e rgy w i th a wavel ength b e tween 10 44 and 10 4 . Example s of such 
radiation in c lude ele ctron b e am radiation, gamma rad i at i on , x-ra y ra d iati o n, ultraviole t 
radi a t i on, v i s i b le l i ght, infr a r e d r a d i atio n, m i c ro wav e radiation, and rad i o wav e s. 
I rradiat i on r e fers to t he applic ation of rad i ation to a surface or an obj e ct- 
Compon e nt 

Component i s used here i n to refer to each of tho i ndividual substances that are 
d e pos i t e d onto a substrat e . Co mp o nen ts can act upon o n e another to produce a 
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p a rt i cu l ar mat e ri al . Compon e nts can react dir e ctly w i th e a ch oth e r or w i th an e xt e rna l 
e nergy sourc e such as radiation, an e l ectric f i e l d, or a magn o tic f ie ld. A third material or 
a ch e m i ca l substance can a l so act upon compon e nts. A component can b e an el e m e nt, 
a ch e mica l , a mat e r i a l , or a m i xture of elem e nts and chem i ca l s. Components can form 
lay e rs, bl e nds or m i xtur e s, or comb i nat i ons th e r e of 

Sourc e Mat e ria l 

The term sourc e mat e r i al i s used heroin to refer to the origina l material from wh i ch a 
compon e nt was d e r i v e d. Source mat e r i als can b e composed of e le ment s, compounds, 
chemica l s, mo le cu le s, etc. that are d i ssolved i n a solvent, vaporized, evaporat e d, 
boiled, su b l imed, ab l ated, e tc., thus allowing th e sourc e mater i als to d e po s it o nt o a 
substrat e dur i ng th e synth e sis process. 

R e sult i ng Mat e r i a l 

Th e term resu l ting mater i al i s us ed herein to r e f e r to th e compon e nt or comb i nat i on of 
compon e nts that hav e b ee n d e pos i ted o n to a p r e defin e d reg i on of a substrat e . The 
resulting materials may compr i se a s i ngle compon e nt, or a comb i nat i on of compon e nts 
that hav e react e d directly with ea ch oth e r or with an ext e rna l sourc e . A l t e rn a t i v el y, t he 
r e sult i ng mat e ria l may comp rise a la y e r, b l end or m i xtur e of compon e nts on a 
pr e d e f i ned r e gion of the subs tr a te . The r e sulting mat e ria l s a re scr ee n e d for sp e cific 
prop e rties or charact e ristics to d e t e rm i n e their relati v e p e rformanc e . 

Mixtur e or Bl e nd 

Th e t e rm m i xtur e or, int e rchang e ab l y, bl e nd r e f e rs to a co l l ection of mol e cul e s, ions, 
electrons, — or chemical substanc e s. — Eaeh — compon e nt — ifi — the — mixture — ean — be 
i nd e p e nd e nt l y vari e d. A m i xtu re can c ons i st of two or mor e substanc e s i nterm i ng le d 
w i th no constant percentag e composition, where i n each component may or may not 
r e tain i ts e ssent i a l or i g i na l prop e rt ie s, and wh e r e mo le cul a r phase m i x i ng may or m a y 
not occur. In m i xtures, the compon e nts mak i ng up th e mixture may or may not r e main 
distingu i shab le from each oth e r by virtu e of th ei r ch e m i cal structur e. 

Lay e r 

The term l ayer i s us e d h e r ei n to r e f e r to a materia l that separates on e mater i a l , 
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compon e nt, substr a t e or e nv i ronm o nt from anoth o r. A l ayer is oft e n th i n i n r el ation to its 
area and covers the mater i a l ben o ath it. A l ayor may or m a y not be th i n or flat, but onco 
it i s depos i t e d it g e n e ra ll y cov e rs th e ent i r e surfac e such that i t s e parat e s th e 
component or substrate be l ow the l ayer from th e component or env i ronment above the 
l ay e r. 

H e t e rog e n e ous C a ta l ysts 

Heterogen e ous c a talysts enable cata l ytic react i ons to occur w i th the r e actants and 
cata l ysts r e siding i n diff e r e nt phas e s. As us e d h e re i n, het e rog e n e ous cat al ysts i nclud e , 
but are not l imited to, m i xed m e t al ox i d e s, m i x e d m e ta l nitrid e s, m i x e d metal su l f i des, 
m i x e d meta l c a rb i d e s, m i x e d m e ta l f l uor i des, mix e d m e ta l s i l i cat e s, mixed m e ta l 
alum i nates, mix e d mota l phosphates, nobel metals, z e ol i t e s, m e tal a l loys, intermotal li c 
compounds, i norganic mixtur e s, inorgan i c compounds, and i norganic salts. 

Homog e n e ous Cat al ysts 

Homogen e ous cata l ysts e nab le cata l yt i c r ea ctions to occur with th e r e actants a nd 
catalysts r e s i d i ng i n the s a m e phas e . As us e d h e re i n, homo geneou s cata l ysts i nc l ud e , 
but a r e not li m i t e d to, cat al ysts for th e po l ym e rization of on e or mor e o le f i n i c or viny l 
monom e rs. The ol e f i nic monom e rs i nc l ud e , but ar e not l imited to, ethy le n e or a l pha 
o l efins conta i ning from 3 to 10 carbon atoms, such as propy l ene, 1 buteno, 1 pontane, 
1 - h e x e n e , and 1 - oct e n e . Th e v i ny l monomers inc l ude, but ar e not l im i t e d to, vinyl 
chlorid e , v i ny l ac e tat e , v i ny l acrylate, methylm e thacrylato, methyl vinyl eth e r, e thy l vinyl 
e th e r and a c e ton i tri le . The cat al ysts e mplo y e d to carry out a po l y meri z atio n of on e or 
mor e monom e rs of th i s type i nc l ud e , but ar e not li m i t e d to, radica l cata l ysts, cat i on i c 
cata l ysts, an i on i c cata l ysts, a nd anion i c coord i n a t i on c a talysts. 

G e nerating Arrays of M a t e r i als 

G e n e ral l y, an array of materia l s is pr e par e d by succ e ssiv el y d eli v e ring compon e nts of 
th e mat e rials to pred e fin e d r e g i ons on a substrat e , and simu l tan e ous l y r e act i ng th e 
compon e nts to form at least two mat e r ial s or, a l ternativ el y, th e components are all ow e d 
to int e ract to form at least two mat e rials. In one embodim e nt, for exampl e , a first 
compon e nt of a f i rst mat e r i a l i s d eli vered to a first pr e def i n e d locat i on on a substrate, 
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and a first compon e nt of a s e cond mat e ria l is d e l i v e r e d to a s e cond prod o fin o d reg i on 
on th o samo substrate. S i multaneous l y w i th or thereafter, a s e cond component of the 
first mat e r i al is d eli ver e d to tho first region on th e s u bstrate, and a s e cond compon e nt of 
the second mat e rial is d eli v e red to th e second region on the substrate. Each compon e nt 
c a n b e del i v e r e d i n ei th e r a uniform or gr a d ie nt f a sh i on to produc e ei th e r a sing le 
sto i chiom e try or, a l t e rnat i ve l y, a l arge number of stoich i om e tri e s with i n a s i ng le 
predefined r e gion. Th o proc e ss is r e peat e d, with add i t io n al c ompon e nts, to form a vast 
array of components at predefined l ocations on the substrat e . Thereafter, tho 
compon e nts ar e s i multan e ous l y r e act e d to form at le ast two mat e rials or, a l ter na t ivel y , 
th e components interact to form at le ast two mat e ria l s. As describ e d her ei n, the 
compon e nts can be s e qu e nt i ally or simu l tan e ously d el iv e r e d to the pr e d e fined r e g i ons 
on the substrat e us i ng a ny of a numb e r of differ e nt d el ivery techn i qu e s. 

Numerous c ombina t orial tech niqu e s can be used to synthesize the v ar i ous arrays of 
d i vers e m ateri als o n th e substrat e accord i ng to th e pr e s e nt i nv e nt i on. For e x a m ple, i n 
o ne e mbo diment a first component of a first and se c ond mat e r i al i s d e liv e r e d to th e 
pr e d e f i ned r e g i ons on th e substrat e . T hen a second component of the f irst and second 
mat e r i als is deliv e r e d to th e pred e f i n e d re gions on the substra t e . This proc e ss cont i nu e s 
for the oth e r components ( e .g., th i rd, fourth, f i fth, e tc. compon e nts) and/or th e oth e r 
m a ter i a l s ( e .g., th i rd, fourth, fifth, e tc. m a t e r ials) u ntil the array i s complete. In anothe r 
embod i m e nt, th e array is formed as pr e vious l y d e sc ribed, but th o resultin g mate rial s aro 
form e d i m medi at el y as th e c omponen ts contact each other o n the substrate. In yet 
another embodiment, th e array is formed as prev i ous l y descr i b e d, but aft e r th e various 
compon e nts ar e de l iv e red to the substrate, a proc e ssing st e p is c a rri e d out wh i ch a ll ows 
or c a us e s th e com pon e n ts to int e ract. In st il l another e mbod i m e nt, two or mor e 
compon e nts ar e deliv e r e d to th e pr e d e fin e d regions on the substrate us i ng fast 
s e qu e ntial or parall el deli v ery t e chn i qu e s such that th o components interact w i th e ach 
other befo re contacting the substrate. 

Ess e nt i a l ly, any conc e i vable substrat e c a n be e mp l oyed i n th e invention. Th e substr a t e 
can be organic, i norganic, bio l ogica l , nonbio l og i cal, or a comb i nation ther e of. Th o 
substrat e can ex i st i n a var ie ty of forms u tilizing an y conv e ni e nt shape or configurat i on. 
The substr a t e pr e ferab l y conta i ns an array of d e pr e ssions or we l ls in which tho 



15 



Express Mailing No. EV689505560US Substitute Specification 

Attorney Docket No. 1012-122C5 (97-8CIP1CON5) 

synth e s i s of th e library t a k e s p l ac o . Th o substrat e pr e f e rab l y forms a rigid support on 
wh i ch to carry out the react i ons descr i bed hero i n. The substrat e may b o a ny of a w i de 
var i ety of mater i als i nc l ud i ng, for e xamp le , po l ym e rs, plastics, Pyr e x t quartz, r e s i ns, 
s i l i con, si li ca or s ili ca based mater i als, carbon, m e ta l s, i norgan i c glasses, inorgan i c 
crystals, and m e mbran e s. Upon r e vi e w of th i s d i sclosur e , oth e r substrat e mat e r i a l s wi ll 
b o read il y apparent to those of ski ll in th o art. Surfaces on th o solid substrate can be 
composed of th e s a m e mat e rials as th e substrat e or, al t e rnat i v e ly, they can b o diff e r e nt 
( i . e ., the substrates can be coated with a d i fferent mater i a l ). Moreover, tho substrate 
surfac e can contain th e r e on a n adsorb e nt (for e xamp l e, c e llulos e ) to wh i ch th e 
components of int e r e st ar e d eli v e r e d. The most appropriat e substr a t e and substrate - 
surfac e mat e ria l s wi ll d e p e nd on th e c l ass of mat e r i a l s to b e synth e s i z e d and th e 
select i on i n any g i ven cas e w i ll b e r e ad il y appar e nt to thos e of skil l i n th e art. 

G e n e rally, phys i c al masking syst e ms can b e employ e d in combinat i on with var i ous 
d e position t e chn i qu e s i n ord e r to app l y compon e nts onto th e substrat e , pr e f e r a bly in an 
array of w ell s, in a comb i nat orial fashio n. Thus arrays of r e su l t i ng mat e ria l s ar e cr e at e d 
w i thin pr e d e f i n e d l oc a tions or w ell s on the substrat e . The arrays of r e su l t i ng mat e ria l s 
wi ll usua ll y d i ff e r i n compos i tion and sto i ch i om e try. A l though th e compon e nts ar e 
typic a lly d i spens e d in th e form of a l i quid, one or more compon e nts may b e d i sp e ns e d 
in th e form of a gas or a powder. Th e r e for e pr i mari l y solution phase d e position 
techn i qu e s ar e us e d i nc l ud i ng, for e xampl e , sol/g el m e thods, discr e t e li qu i d d i sp e ns i ng 
t e chniqu e s (e.g. pip e tt e s, syr i ng e s, ink j e ts, e tc.), spin coating w i th lithography, 
mic r o c o ntact pr i nting, spray i ng with masks and — i mm e rsion impr e gnat i on. Oth e r 
techn i qu e s may b e us e d, how e v e r, such as sputt e r i ng, ele ctron - b e am and th e rmal 
e vaporat i on, las e r d ep os i t ion , ion b ea m d e pos i t i on, chem i cal vapor d e pos i tion, and 
spray - co a t i ng, D i sp e ns e r syst e ms can b e manua l or, alt e rnat i v el y, they c a n b e 
automat e d us i ng, for e x a mple, robot i cs t e chn i qu e s. A d e scr i pt i on of syst e ms and 
m e thods for g e n e rat i ng a rrays of mat e ria l s can b e found i n common l y ass i gn e d, co - 
p e nding pat e nt app l icat i ons "Th e Comb i n a tor i al Synth e s i s of Nov el M a t e r i a l s", 
Publ i cat i on No. WO 95/13278, f ile d Oct. 18, 1995; "Syst e ms and M e thods for th e 
Comb i nator ial Synth e s i s of Nov el Mat e rials," pat e nt application S e r. No. 08/841,423, 
f ile d Apr. 22, 1997; a nd "D i scov e ry of Phosphor Mat e rials Us i ng Combin a tor i a l 



16 



Express Mailing No. EV689505560US Substitute Specification 

Attorney Docket No. 1012-122C5 (97-8CIP1CON5) 

Synthesis T e chniques," prov i siona l pat e nt applicat i on Ser. No. 60/039,882, f ilo d M a r. 4 , 
1997; the comp l ete d i sclosures of which arc incorporated herein by reforonco for all 

I n som e e mbodim e nts of th e pr e s e nt i nvent i on, aft e r th e compon e nts hav e b ee n 
d epo s i t e d onto or w i t hin p re d e fin e d reg i ons on a substrat e , th e y are r e act e d using a 
numb e r of d i ff e rent t e chn i qu e s. For e x a mp l e, the compon e nts can b e r e acted using 
solut i on — b a s e d — synthesis t e chniques, — photoch e m i c al techniques, — polymerizat i on 
t e chniqu e s, t e mp la t e di r e ct ed synthes i s t e chn i qu es, epitaxial growth t echniques , by the 
sol ge l proc e ss, by th e rmal, infr a red or m i crowav e h e at i ng, by c al c i nat i on, s i ntering or 
annea li ng, by hydroth o rma l m e thods, by flux m e thods, by crysta l l i z a t i on through 
vaporization of so l v e nt, e tc. Furth e rmor e , ea ch pr e d e f i n e d reg i on on th e substr a t e c a n 
be h e at e d s i multaneous l y or s e qu e ntial l y using heat sourc e s such as focused i nfrar e d 
r a d i ation, r e s i stiv e h e ating, e tc. R ea ctants can, for e xamp l e, b e d i spens e d to th o li brary 
of ele m e nts in th e form of a gas or a liqu i d. Other usefu l t e chn i qu e s that c a n bo us e d to 
r e act th e components of i nt e r e st w i ll b e r e ad il y apparent to those of sk ill i n th e art. 
Add i t i ona ll y, compon e nts can react with e ach ot h e r in stantly, upon contacting e a ch 
oth e r, or in th e a i r b e fo re co n tact i ng th e substrat e . 

Once pr e p a r e d, th e array of r e su l ting mat e ria l s can b e scr ee n e d for usefu l propert ie s 
and/or th e result i ng materials can be ranked, or otherw i s e compared, us i ng the m e thods 
descr i b e d h e re i n. Eith e r the e nt i r e array or, a l t e rnat i v e ly, a s e ct i on th e r e of ( e .g., a row of 
predefin e d r e gions) can b e scr ee n e d us i ng paral l el or fast sequential scr ee ning. Th e 
ar e a and/or volum e of the pred e f i n e d regi ons var ies, as doe s tho numb e r and density of 
reg i ons per substrate, depend i ng upon the specif i c i ntended appl i cation. Similarly, tho 
number of d i ff e r e nt mater i a l s conta i n e d w i th i n an a rray also v a r ie s with th o int e nd e d 
app l ication. Resu l ting mater i a l s i nc l ude, but are not l i mited to, l iqu i ds, dissolv e d org a nic 
or i norganic mo l ecu le s, non - b i ological org a nic po l ym e rs, po l ym e rs parti a l l y or ful l y 
dissolved i n a so l vent, covalent network solids, ionic so li ds and molecular, i norg a n i c 
m a ter i a l s, int e rmetal li c m a ter i als, m e ta l a l loys, c e ram i c mater i als, org a n i c mat e r i al, 
organomotallic mater i a l s, compos i te mat e r i als (e.g., i norgan i c compos i tes, organ i c 
composite s, or comb i nations th ereof), a n d homog e n e o u s or h e t e rog e n e ous catalysts. 
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G i v e n th e ch e mica l comp le xity of catalytic syst e ms, tho l ack of prod i ct i v o mod el s, th o 
number of poss i ble combinations of mota l s, counter ions, l igands, and supports, and the 
t i m e consuming process of e va l uat i ng th e p e rformanc e of o ach cata l yst formu l ation 
ut il izing convent i ona l l aboratory pilot reactors, i t is not surpr i s i ng that the s e arch for tho 
optimum cata l yst i s a t i m e consum i ng and i n e ff i c ie nt proc e ss. Thus, a comb i natoria l 
approach to th e d i scov e ry and opt i m i zat i on of cata l yt i c systems, which comb i n e s the 
synth e s i s of cata l yst li brar ie s w i th th e scr ee n i ng tools of th i s i nv e ntion, i s us e fu l for 
accolorat i ng tho paco of research i n this fio l d. Tho cata l yst li braries of the present 
i nvention c a n includ e organic ( e .g., catalyt i c ant i bod ie s), organom o tallic, h e t e rog e n e ous 
or solid state i norgan i c array e lements. For purpos e s of this i nv e ntion, a catalyst i s 
defined a s any mat erial that acce le rat e s th e rat e of a ch e m i ca l r e act i on and wh i ch i s 
e ith e r not consum e d during the r e act i on or which is consum e d at a rat e slow e r (on a 
molar bas i s) th a n th e r e act i on th a t i s b ei ng catalyz e d. Organomota ll ic catalyst li br a ri e s 
which can b e scr ee n e d for us e fu l cata l yt i c prop e rt ie s inc l ud e , but are not l im i t e d to, 
those d e scr i b e d i n co pending U.S. pat e nt applicat i on Ser. No. 08/898,715, filed Ju l . 22, 
1997, wh i ch is h e reby i ncorporat e d by reference for al l purpos e s- 
Ultrason i c I maging 

I n th i s aspect of th e i nv e nt i on, systems and m e thods are provid e d for i mag i ng li brar ie s 
of mater i a l s w i th u l trasonic i mag i ng t e chniqu e s. I n a f i rst e mbodiment, an acoustic 
apparatus and method for i maging of a li brary of mat e ri al s i s prov i d e d. Th e a pparatus 
inc l ud e s a d e vic e for g e n e rat i ng acoustic wav e s that can propagate i nto a memb e r or 
e l e m e nt of i nt e rest w i th i n a l ibr a ry and a d e t e ctor for sensing th e propagat i on and 
ref l ect i on of th e acoust i c wav e s from th e li brary ele m e nts. Th e sourc e and th o det e ctor 
of acoust i c wav e s may b e th e same ap paratus, typ i cal l y a p ie zo ele ctric crystal. Aft e r 
d e t e ct i ng th e a coust i c wav e s propagat e d from th e el ement, th e l ibrary and the acoust i c 
wav e d e t e ctor ar e moved r ela t i ve to on e anoth e r, pr e f e rably i n a rast e r scanning 
patt e rn. Th e magnitud e and phas e of the d e tected acoustic waves and th e 
corr e sponding scan patt e rn of th e l ibrary ar e record e d so that visual im a g e s of th e 
li brary can be obta i ned. In add i t i on, by proc e ss i ng tho obtained data i n accordance with 
a mod el of sampl e- acoustic b e am i nt e ract i on, i nform a tion a bout th e el ast i c propert ie s of 
i nd i v i dual li brary m e mbers can bo calculated. From tho rolativo e l ast i c properties of 
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el em e nts i n th e l i brary, r e l a t i v e m e asur e s of such prop e rti e s as mo le cu l ar we i ght, 
branching, and co monomor content may bo inf o rr e d. 

I n a second e mbod i ment of th e i nv e ntion, acoustic wav e s are gene rat e d i n a t a nk fi lle d 
w i th a coupl i ng l i qu i d using a conv e nt i onal mult i e le ment ultras ound imag i ng head or 
on e of custom d e s ign. Th e l ibr a ry of e l e m e nts i s p lace d within th e tank such that 
a coust i c wav o s move f r om th e transducer through th e f l uid, across th e substrat e , and 
i nto the e l e ments of the library. The r e f le ctions from e ach i nt e rf a c e and from with i n the 
indi v i du al l i brary e l e m e nts a r o recorded by th e u l trasound transduc e r h e ad. Mat e r i a l 
propertie s can be ca l cu l at e d from th e r e cord e d t e mporal patt e rn. Alte rnativel y , the 
structur e or morphology of th e surfac e of th e l ibrary el em e nts, or a li qu i d i nterface 
depos i t e d on top of th em, may be r e cord e d us i ng a las e r probe or oth e r imaging 
syst e m. Furth e rmore, sinc e th e record e d disturbanc e i s repr o s o ntat i v o of tho physical 
structur e of the l ibrary , a correspondence betw ee n th e surfac e p a tt e rn and th o g e om e try 
and me c h anical prop e rties of the library can b e construct e d. Lastly, the co ll ected data 
can b e used to d e r i ve m i croscop i c propert i es of i nd i v i dua l ele ments of th e li brary, for 
e xamp l e, sound v e locity and attenuat i on as a function of el e m e nt pos i tion can be 
deriv e d. 

In a th i rd embodime nt of th e i nvention, an acoustic l e ns excites acoust i c wav e s with i n 
e le ments of th e mater i al array. The exc i ted acoustic waves ar e in a form of short pulses. 
Th e magnitud e of th o e choes produc e d by tho acoust i c waves is me a sured, as i s the 
t i me delay b e twe e n tho oxc i tation pu l ses and tho ochoes from tho l iqu i d matorial and 
materi al substrat e int e rfac e s. Th o l ibrary and the acou s tic wav e det e ctor a re moved 
re l at i ve to one anoth e r i n a raster scanning pattern and the co l lected data is record e d. 
Bas e d upon the co l l ecte d d ata an acoust i c i mag e of th o li brary can b e g e n e rat e d. The 
t i me reso l ved i mago can giv o valuabl e i nformation about li brary topography. For 
examp l e, th e first e cho pr o v i des inform ation r e lated to the imp e d a nc e mismatc hing on 
tho element coup l ing liquid interface and the second ocho provides i nformation about 
th o so u nd v e locity d i str i but i on i n th o ele m e nt mater i al. 

I n a fourth e mbodim e nt of th e i nv ention, indi v idual pie zo el ectr i c tr a nsduc ers are 
i ntegrat e d into the substrat e . Typica l ly th e transducers ar e fabricated into the substrat e 
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using standard fabr i cation t e chn i qu e s. The l i brary elements ar e th e n d e pos i t e d o nto the 
substrate ouch that oach indiv i dual l ibrary elem e nt corr e sponds to an indiv i dua l 
p ie zo e l e ctr i c transduc e r. Tho transduc e rs s e rv e th e du al function of e xcit i ng th e 
acoustic wavo and r e ce i ving the return wave. 

FIG. 1 is an ill ustrat i on of a tr ansducer le ns syst e m coupl e d to a l i brary. Th e li brary is 
compris e d of an array of el e m e nts 101 conta i ned w i thin or on a substrat e 103. 
Substrate 103 i s coup l ed to a tank 105 conta i n i ng a couplin g m e dium 107. Coupling 
m e d i um 107, se l ect e d on th e bas i s of its acoustic prop ertie s, is s el ect e d from a vari e ty 
of li quids, for exampl e , wat e r, mercury, e tc. A tr a nsduc er l ens syst e m 109 provides th e 
acoust i c wav e s th a t p a ss through l i quid 107 and ar e coupl e d i nto e le m e nts 101 and 
s ubstrate 103. Transduce r l ens s y stem 1 09 i s also us e d to m easure the magn i tude and 
tim e d el ay betw ee n t he e xc i tation p ulse s and the echoe s. I f desired, tho e xc i tat i on 
transduc e r may b e s e parat e from the r e ceiving transduc e r. As d e scr i bed abov e , 
transduc e r lens 109 i s scann e d across th e a rray in order to obta i n i nformat i on a bout th e 
ent i r e array. A l t e rnativ e ly, an array of tran s duc e r -l enses may b e us e d (not shown) as is 
us e d in convent i onal ultrasound i mag i ng. 

F I G. 2 illustrates a combinatori al l i brary synthes i zed on a substrate consisting of 
i ntegrat e d piezoel ectric transducers. I n the pr eferr e d e mbodim e nt, the ind i v i dual 
p i ezoelectric transducers 201 compr i s i ng the transducer array are d i rect l y incorporat e d 
into substr a te 103. Each t ra nsduc e r 201 i s a li gn ed such th at it i s directly a djac ent to a 
corr e spond i ng l i brary ele m e nt 101. Transduc e rs 201 s e rv e as both the transmitters and 
r e ceiv e rs of the acoust i c e n ergy. The output s i gna l s from transducers 201 can b e 
mult i pl e x e d for serial r e adout. I n a n a l ternativ e embod i m e nt, transduc e rs 201 ar e 
mounted onto a s e p a rat e substrat e (not shown) t hat is br ought i nto contact with 
substrate 103. I n another alternat i ve e mbodiment, substrate 103 is formed of a 
pi e zo e l e ctr i c material and e lectrod e s ar e atta c hed d i r e ct l y und e r e ach library e l e ment 
(not shown). 

Mechanica l Osc i llator Probes 

A l th ou g h u l trasonic transd uc e rs can b e us e d to determi n e a v a ri e ty of mat e r i a l 
prop e rt i es, th i s t e chniqu e is not su i tabl e for a ll li q ui ds. Typ i ca ll y the siz e of the 
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transduc e r and th e c el l shou l d b o much gr e at e r than th e acoust i c wav ele ngth; oth e rw i s e 
th o diffraction offocts and steady waves w i thin th e co ll bocomo too compl i catod. For a 
c ell on th o ord e r of a f e w c e ntimet e rs, th o frequ e ncy shou l d b o abovo 1 MHz. How e v e r 
comp le x l iquids and so l ut i ons, such as polym e r so l ut i ons, oft e n behavo l ike e l ast i c g e ls 
at h i gh fr e qu e nc ie s du e to th ei r re l ax a t i on tim e corr e spond i ng to s i gn i f i c a nt l y low e r 
fr e qu e nci e s. 

Th e m e thod a nd apparatus of th e pr e s e nt inv e ntion focus e s on us i ng a m e chan i ca l 
r e sonator to g e n e rat e and r e c ei v e osc i l la t i ons i n a f l u i d compos i t i on for t e st i ng i ts 
ch a ract e r i st i cs i n a combin a tor i a l chemistry proc e ss or oth e r proc e ss r e qu i ring an al ys i s 
of th e f l u i d composit i on's phys i c a l and/or ch e m i cal prop e rti e s. A l though the d e ta i led 
d e scr i pt i on focus e s on combin a toria l ch e mistry and th e m e asur e m e nt of a l iquid 
composit i on's charact e rist i cs, tho i nv e nt i on c a n b e used in any a pplicat i on r e quir i ng 
measur e ment of ch ara ct e r i st i cs of a fluid composition, wh e th o r th e f l u i d is i n liqu i d or 
vapor form. Th e f l u i d compos i tion i ts el f can b e any typ e of f l uid, such as a solution, a 
li qu i d conta i n i ng susp e nd e d part i cu l ates, or, i n som e e m bodimen ts, e v e n a vapor 
cont ai n i ng a part i cu l ar ch e m i ca l or a m i xtur e of ch e m i ca l s. I t can a l so i nc l ud e a l i quid 
compo s iti on und e rgo i ng a phys i c al and/or chem i ca l chang e (e.g. an i ncr e as e in 
viscos i ty). 

Sh e ar - mode transduc e rs a s wel l as var i ous surfac e- wav e transduc e rs can b e us e d to 
avo i d som e of the probl e ms assoc i ated w i th typical u l trason i c trans ducers. Si nc e le aky 
surface acoust i c waves decay exponent i a ll y with the distance from th e s e nsor surfac e , 
such s e nsors t e nd to b e i ns e ns i tive to th e g e om e try of th e m e asur e m e nt vo l um e , thus 
e li m i nat i ng most d i ffract i on and refl e ct i on prob le ms. Furthermor e , such sensors are 
cheap, r e producib le , and can be us e d to construct h i gh throu ghp ut s c reen i ng dev i c e s. 
Unfortunat e ly th e op e ration fr e qu e ncy of th e s e sensors i s a l so high, thus restr i ct i ng th e ir 
a pp li c a bi li ty as m e nt i on e d abov e . Mor e ov e r, at such fr e qu e nc ie s on l y a very th i n l ay e r 
of li qu i d n ea r the s e nsor surface w il l inf l u e nce th e r e sponse of th e s e nsor. Thus 
modification of the surfac e of th e sensor through adsorpt i on of solution compon e nts wi l l 
often r e sult in dramat i c chang e s i n prop e rt ie s associat e d with th e s e nsor. 

To e l i m i nat e th e e ff e cts of diffract i on, acoust i c wave i nterf e r e nc e , and m e asur e m e nt c ell 
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g e om e try, i t is pref e rabl e to us e a transduc e r or sensor that do e s not oxc i t o acoustic 
wavos. A sensor that is much sma ll er than tho wav ele ngth accomp li sh e s th e se goals, 
prov i d i ng an osc il lator that in e ff e ct i ve l y e xc i tes acoust i c waves in th o surrounding 
med i a. Design i ng th e d i ff e r e nt parts of tho sonsor to oscil l at e i n oppos i te phases can 
enhanc e this e ffect . I n s uch a re s onator most o f th e m e ch a nica l e n e rgy assoc ia t e d w i th 
the osci ll at i on d i ss i pates due to the v i scos i ty, both shear and bulk, of the l i qu i d invo l v e d 
in the oscil l atory motion. Th e s e nsor prod u c e s a hydrodynamic f l ow v el oc i ty fiel d th a t 
d e cays with the distance from sonsor. Thus liquid at a d i stance a few times greater than 
the s e nsor dim e nsion r e mains pract i cally unp e rturb e d. I f th e m e asur e m en t c e ll i s larg e 
enough to contain th e f iel d of perturbation, th o d e v i ce becomes insens i t i v e to th o c e ll 
g e om e try. Examp le s of su i tab le osci ll ators inc l ud e p ie zoceram i c and quartz r e sonators 
e mbodied i n th e form of a tun i ng fork, a unimorph, or a b i morph. F I GS, 3 and A il lustrat e 
the oscillat i on mod e s of tun i ng fork and bimorph/u nimorph r e sonators, r e spect i v el y. 

Typ i cally a system accord i ng to the inv e nt i on us e s an AC voltag e sourc e to ex ci t e 
osc i l l at i on of th e r e sonator. Th e syst e m also incl ud e s a r e c e iver which m e asu res the 
fr e qu e ncy r e spons e of th e resonator i n the li qu i d und e r t e st. Th e r e spons e of th e 
resonator varies depending u pon th e viscos i ty, sp e cific weight, and elasticity of the 
l iqu i d und e r t e st. I n som e cas e s th e di el ectr i c const a nt and t he condu ct i vity of th e liquid 
can influenc e th e response of t he resona t or. If properties of the liquid va ry with t i me, the 
r e spons e of th e r e sonator wi ll sim i l a r l y vary. By calibrat i ng th e resonat or to a s e t of 
standard liquids with known properties , th e prop erties o f an unknown l iqu i d can b e 
determine d fro m t he re sp o nse of the r e sonator. 

[0028] Mechanical r e sonators, such as th i ckness shear modo (TSM) quartz 
re so na tors 10, are used in the present i nv e nt i on fo r measuri ng var i ous phys i ca l 
prop e rt ie s of fluid compos i tions, such as a liquid's viscos i ty, molecu l ar w ei ght, specific 
w e ight , e tc ., in a co mb in at ori al ch e mistry setting or oth e r l i quid measur e ment 
appl i cat i on. R e f e rr i ng to F I G. The method and apparatus of the present invention 
focuses on using a mechanical resonator to generate and receive oscillations in a fluid 
composition for testing its characteristics in a combinatorial chemistry process or other 
process reguiring analysis of the fluid composition's physical and/or chemical properties. 
Although the detailed description focuses on combinatorial chemistry and the 
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measurement of a liquid composition's characteristics, the invention can be used in any 
application requiring measurement of characteristics of a fluid composition, whether the 
fluid is in liquid or vapor form. The fluid composition itself can be any type of fluid, such 
as a solution, a liquid containing suspended particulates, or, in some embodiments, 
even a vapor containing a particular chemical or a mixture of chemicals. It can also 
include a liquid composition undergoing a physical and/or chemical change (e.g. an 
increase in viscosity). 

[0029] Mechanical resonators, such as thickness shear mode (TSM) guartz 
resonators 10, are used in the present invention for measuring various physical 
properties of fluid compositions, such as a liquid's viscosity, molecular weight, specific 
weight, etc., in a combinatorial chemistry setting or other liguid measurement 
application. Referring to FIG. 1a, TSM resonators 10 usually have a flat, plate-like 
structure where a guartz crystal 12 is sandwiched in between two electrodes 14. In 
combinatorial chemistry applications, the user first generates a "library", or large 
collection, of compounds in a liguid composition. Normally, each liguid composition is 
placed into its own sample well. A TSM resonator 10 connected to an input signal 
source (not shown) is placed into each liguid composition, and a variable freguencv 
input signal is sent to each TSM resonator 10, causing the TSM resonator 10 to 
oscillate. The input signal freguencv is swept over a predetermined range to generate a 
unigue TSM resonator 10 response for each particular liguid. Because every compound 
has a different chemical structure and conseguently different properties, the TSM 
resonator 10 response will be also be different for each compound. The TSM resonator 
response is then processed to generated a visual trace of the liguid composition being 
tested. An example of traces generated by the TSM resonator 10 for multiple liguid 
compositions is shown in FIG. 5a , TSM r e son a tors 10 usua ll y hav e a flat, plat e-li k e 
structur e wh o r o a quartz crysta l 12 is sandwiched i n b o tw o on two e l ectrodes '14. In 
comb i nator ia l ch o mistry app li cat i ons, th o user first g e n e rat e s a "library", or l arg e 
co lle ct i on, of compounds i n a liqu i d compos i tion. Norma ll y, e ach liquid composit i on i s 
p l ac e d i nto its own samp le w ell . A TSM r e sonator 10 conn e ct e d to an input sign al 
courco (not shown) is placed i nto o ach l i quid composition, and a variab l e fr e quency 
i nput s i gna l i s s e nt to e ach TSM r e sonator 10, caus i ng the TSM r e sonator 10 to 
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oscil l at e . Th e input s i gnal fr e qu e ncy i s sw e pt ov e r a pr e d e t e rm i n e d rang e to g e n e rat e a 
un i qu e TSM r e sonator 10 r e spons e for each part i cu l ar li qu i d. B e cause e v e ry compound 
h a s a diff e r e nt ch e mica l structur e and cons e qu e ntly diff e r e nt prop e rt i es, th e TSM 
resonator 10 rospons o w i ll b o also b o different for oach compound. The TSM resonator 
r e spons e i s th e n proc e ss e d to g e nerat e a v i sua l tr a c e of th e l iqu i d composition b ei ng 
tested. An examp l e of traces generated by the TSM resonator 10 for mu l tip l e l i qu i d 
compos i t i ons i s shown i n F I G. 12a. . Screening and analysis of each compound's 
properties can then be conducted by comparing the visual traces of each compound 
with a reference and/or with other compounds. In this type of application, the TSM 
resonator 10 serves both as the wave source and the receiver. 

[0030] Two types of waves can be excited in liquids: compression waves (also called 
acoustic waves), which tend to radiate a large distance, on the order of hundreds of 
wavelengths, from the wave-generating source; and viscose shear waves, which decay 
almost completely only one wavelength away from the wave-generating source. In any 
liquid property testing, acoustic waves should be kept to a minimum because they will 
create false readings when received by the resonator due to their long decay 
characteristics. For typical prior art ultrasonic transducers/resonators, the resonator 
oscillation creates acoustic waves that radiate in all directions from the resonator, 
bounce off the sides of the sample well, and adversely affect the resonator response. 
As a result, the resonator response will not only reflect the properties of the liquid being 
measured, but also the effects of the acoustic waves reflecting from the walls of the 
sample well holding the liquid, thereby creating false readings. Using a sample well that 
is much greater than the acoustic wavelength does minimize the negative effects of 
acoustic waves somewhat, but supplying thousands of sample wells having such large 
dimensions tends to be impractical. 

[0031] TSM resonators 10 primarily generate viscose shear waves and are therefore 
a good choice for liquid property measurement in combinatorial chemistry applications 
because they do not generate acoustic waves that could reflect off the sides of the 
sample wells and generate false readings. As a result, the sample wells used with the 
TSM resonators 10 can be kept relatively small, making it feasible to construct an array 
of sample wells for rapid, simultaneous testing of many liquids. The high stiffness of 
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TSM resonators 10, however, requires them to be operated at relatively high 
frequencies, on the order of 8-10 MHz. This stiffness does not adversely affect 
measurement accuracy for many applications, though, making the TSM resonator an 
appropriate choice for measuring numerous liquid compositions. 
[0032] However, TSM resonators 10 can be somewhat insensitive to the physical 
properties of certain liquids because the load provided by the surrounding liquid is less 
than the elasticity of the resonator. More particularly, the high operating frequencies of 
TSM resonators 10 make them a less desirable choice for measuring properties of 
certain liquid compositions, particularly high-molecular weight materials such as 
polymers. When high frequency waves are propagated through high molecular-weight 
liquids, the liquids tend to behave like gels because the rates at which such large 
molecules move correspond to frequencies that are less than that of the TSM 
resonator's oscillations. This causes the TSM resonator 10 to generate readings that 
sometimes do not reflect the properties at which the liquids will actually be used (most 
materials are used in applications where the low-frequency dynamic response is most 
relevant). Although it would be more desirable to operate the TSM resonator 10 at lower 
frequencies so that laboratory conditions reflect real world conditions, the stiffness of 
the TSM resonator 10 and its resulting high operating frequencies can make operation 
at lower frequencies rather difficult. Further, even when the TSM resonator 10 can 
accurately measure a liquid's properties, the differences in the visual traces associated 
with different compositions are relatively slight, making it difficult to differentiate between 
compositions having similar structures, as shown in FIG. 42ar5a. 
[0033] TSM resonators and other plate-type resonators, while adequate, may not 
always be the best choice for measuring the electrical characteristics, such as the 
dielectric constant, of the liquid composition being measured. As shown in FIG. §a1a, 
the cross-section of a TSM resonator 10 has the same structure as a flat capacitor, 
resulting in relatively little coupling between the electric field of the resonator and the 
surrounding composition. While there can be enough electrical coupling between the 
resonator and the composition to measure the composition's electrical properties, a 
greater amount of electrical coupling is more desirable for increased measurement 
accuracy. Electrical coupling will be explained in greater detail below when comparing 
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the electrical characteristics between the TSM resonator 10 and the tuning fork 
resonator 20. 

[0034] FIGS. §ata and §bj_b show a cross-section of a TSM resonator plate 10 and 
a tuning fork tine 22, respectively. The tuning fork resonator 20 is preferably made from 
a quartz crystal 24 and has two tines 22, as represented in FIG. 32, each tine having 
the quartz crystal center 24 and at least one electrode 26 connected to the quartz 
crystal 24. The tuning fork tines 22 in the preferred structure have a square or 
rectangular cross-section such that the quartz crystal center 24 of each tine has four 
faces. The electrodes 26 are then attached to each face of the quartz crystal center 24, 
as shown in FIG. 5kr1b. The method and system of the present invention can use any 
type of tuning fork resonator, such as a trident (three-prong) tuning fork or tuning forks 
of different sizes, without departing from the spirit and scope of the invention. 
[0035] The cross-sectional views of the TSM resonator 10 and the tuning fork 
resonator 20 shown in FIGS. Sala and §b1b also illustrate the relative differences 
between the electric coupling of each resonator with the surrounding liquid. Referring to 
FIG. §ata, the structure of the TSM resonator 10 is very flat, making it close to a perfect 
capacitor when it is placed in the liquid to be measured. As noted above, the quartz 
crystal 12 in the TSM resonator 10 is sandwiched between two electrodes 14, causing 
most of an electric field 16 to travel between the two electrodes through the quartz 
crystal 12. Because most of the electric field 16 is concentrated within the quartz crystal 
12 rather than outside of it, there is very little electric coupling between the TSM 
resonator 10 and the surrounding liquid except at the edges of the resonator 10. While 
there may be sufficient electrical coupling to measure the electrical properties, such as 
the conductivity or dielectric constant, of the liquid composition being tested, a greater 
degree of coupling is desirable to ensure more accurate measurement. 
[0036] By comparison, as shown in FIG. §bj_b, the structure of each tuning fork tine 
22 allows much greater electrical coupling between the tine 22 and the surrounding 
liquid because the tuning fork tine's cross-sectional structure has a much different 
structure than a flat capacitor. Because the tuning fork tine 22 is submerged within the 
liquid being tested, an electric field 27 associated with each tine 22 does not 
concentrate in between the electrodes 24 or within the quartz crystal 24, but instead 
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interacts outside the tine 22 with the surrounding liquid. This increased electrical 
coupling allows the tuning fork 20 to measure accurately the electrical properties of the 
liquid as well as its physical properties, and it can measure both types of properties 
simultaneously if so desired. 

[0037] One unexpected result of the tuning fork resonator 20 is its ability to suppress 
the generation of acoustic waves in a liquid being tested, ensuring that the resonator's 
20 physical response will be based only on the liquid's physical properties and not on 
acoustic wave interference or the shape of the sample well holding the liquid. As 
explained above, TSM resonators 10 minimize excitation of acoustic waves because it 
generates shear oscillations, which do not excite waves normal to the resonator's 
surface. As also explained above, however, the TSM resonator 10 requires high 
frequency operation and is not suitable for many measurement applications, particularly 
those involving high-molecular weight liquids. 

[0038] Without wishing to be bound by any particular theory, the inventors believe 
that the tuning fork resonator 20 used in the present invention virtually eliminates the 
effects of acoustic waves without having to increase the size of the sample wells to 
avoid wave reflection. Tuning fork resonators 20, because of their shape and their 
orientation in the liquid being tested, contain velocity components normal to the 
vibrating surface. Thus, it was assumed in the art that tuning fork resonators were 
unsuitable for measuring liquid properties because they would generate acoustic waves 
causing false readings. In reality, however, tuning fork resonators 20 are very effective 
in suppressing the generation of acoustic waves for several reasons. First, the preferred 
size of the tuning fork resonator 20 used in the invention is much smaller than the 
wavelength of the acoustic waves that are normally generated in a liquid, as much as 
one-tenth to one-hundredth the size. Second, as shown in FIG. 3, the tines 22 of the 
tuning fork resonator 20 oscillate in opposite directions, each tine 22 acting as a 
separate potential acoustic wave generator. In other words, the tines 22 either move 
toward each other or away from each other. Because the tines 22 oscillate in opposite 
directions and opposite phases, however, the waves that end up being generated 
locally by each tine 22 tend to cancel each other out, resulting in virtually no acoustic 
wave generation from the tuning fork resonator 22 as a whole. 
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[0039] A simplified diagram of one example of the inventive mechanical resonator 20 
system is shown in FIG^r. 2. Although the explanation of the system focuses on using 
the tuning fork resonator 20, the TSM resonator 10 described above can also be used 
for the same purpose. To measure the property of a given liquid, the tuning fork 
resonator 20 is simply submerged in the liquid to be tested. A variable frequency input 
signal is then sent to the tuning fork resonator using any known means to oscillate the 
tuning fork, and the input signal frequency is swept over a predetermined range. The 
tuning fork resonator's response is monitored and recorded. In the example shown in 
FIG. §2, the tuning fork resonator 20 is placed inside a well 26 containing a liquid to be 
tested. This liquid can be one of many liquids for comparison and screening or it can 
simply be one liquid whose properties are to be analyzed independently. Further, if 
there are multiple liquids to be tested, they can be placed in an array and measured 
simultaneously with a plurality of tuning fork resonators to test many liquids in a given 
amount of time. The liquid can also be a liquid that is undergoing a polymerization 
reaction or a liquid flowing through a conduit. 

[0040] The tuning fork resonator 20 is preferably coupled with a network analyzer 28, 
such as a Hewlett-Packard 8751 A network analyzer, which sends a variable frequency 
input signal to the tuning fork resonator 20 to generate the resonator oscillations and to 
receive the resonator response at different frequencies. The resonator output then 
passes through a high impedance buffer 30 before being measured by a wide band 
receiver 32. The invention is not limited to this specific type of network analyzer, 
however; any other analyzer that generates and monitors the resonator's response over 
a selected frequency range can be used without departing from the scope of the 
invention. For example, a sweep generator and AC voltmeter can be used in place of 
the network analyzer. 

I n on e e mbod i m e nt of th e i nvent i on i l l ustrat e d i n An equivalent circuit of the tuning fork 
resonator 20 and its associated measurement circuit is represented in FIGS. 4a and 4b. 
FIG. 6, a tun i ng fork resonator system 500 is usod to monitor tho avorago molocu l ar 
w e ight of polystyr e ne i n to luene sol ut i ons during polymeriz a t i on r e act i ons. Th i s 
conf i guration i s not li mit e d to th i s polym e r i zation reaction; rath e r, the polym e rization 
r e action i s simp l y used a s an e xamp le of an app li cat i on of this e mbodim e nt. Th e 
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monitoring of th e forming po l ym e r's prop e rt ie s i n th e pr e s e nc e of a po l ym e r i zat i on 
cata l yst and poss i b l y a solvent is e ssent i a l i n order to estimat e cata l yt i c activ i ty and 
conv e rs i on r a t e . 

I n us e , a tun i ng fork r e son a tor 501 i s p l ac e d with i n a w e ll 503 conta i ning th e l i qu i d to b e 
t e st e d. Preferab l y we l l 503 is one wel l of a plura li ty of w el ls conta i n e d w i th i n an array- 
R e sonator 501 is typic a lly coup le d to a prob e and th e prob e is scann e d from samp le 
w el l to samp le w ell in a r a st e r fashion. A l t e rnativ el y, an array of r e sonator prob e s can 
b e fabr i cat e d corr e spond i ng to the array of w e l l s or som e subs e t th e reof, thus a l lowing 
a l arg e number of we ll s to b e s i mu l tan e ously tested. In th e e mbodim e nt ill ustrated in 
F I G. 6, a n e twork analyz e r 505, such as a HP8751A Ana l yz e r, is us e d to exc i te the 
r e sonator osc ill at i ons and to r e c ei ve th e r e spons e of . th e osc i l l ator at var i ous 
fr e qu e nci e s. R e sonator r e spons e i s then record e d as a funct i on of e xc i tation fr e qu e ncy. 
The output s igna l of r e sonator 501 passes through a h i gh imp e d a nc e buff e r amplifi e r 
507 prior to b ei ng m ea sured by th e analyzer's wide band r e c e iv e r 509. 

Syst e m 500 was ca li brated us i ng a sot of standard solut i ons of polystyr e ne at a 
constant conc e ntration of 52 mg/ml. In pur e tolu e ne, th e frequ e ncy of th e r e sonator 
fundamental mod e was 28 kHz. FIG. 7 is a graph of th e frequency responses of 
r e sonator 501 for pure to l u ene and four diff e r e nt mol e cular w e ights of polystyr e n e . Th e 
distance between th e fr e quency response curv e for to l uene and an i po l ymer solution 
was cal i brated using the s e t of d i ff e r e nt molecular w e ights. Th i s distanc e is g i v e n by: 
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wtwe4 Q --af^4 are th e st a rt a nd stop f requen c i es, r e sp e ct i v e ly, Rq i s th e fr e qu e ncy 
response of th e r e sonator i n tolu e n e , and R, is the resonator respons e i n th e i - po l ymer 
so l ution. 

F I G . 8 is a graph of a ca li brat i on curv e corr e sponding to this data. Th e t e st po i nts and 
associated error bars aro i nd i cated on th i s curv e . Obv i ous l y additional cal i bration curv e s 
can b e ta ken as n e c e ssary. Th e graph of FIG. 8 shows that for this part i c ul a r r e son a t o r 
design, the best accuracy i s ach i eved for molecu l ar w e ights in th e range of 10,000 to 
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100,000. 

To monitor a po l ym e r i z a tion r e action, r e sonator prob e 501 i s p la c e d i n a m e asur e m e nt 
w e ll 503 f i ll e d with pur e toluene an d the c a talyst. Th o fr o qu o ncy r e spo n s e of th e s e nsor 
for th i s solut i on i s record e d. Res on ato r p ro be 501 i s t he n pl a c e d in a m e asurement w e l l 
503 fi lle d with to l uen e i n wh i ch a low mol e cul a r weight polystyr e ne has be e n disso l ved. 
After th e catalyst is addo d, tho froquoncy respons e of th e r e sonator is r o cordod at 
int e rv a ls, typically b e tw ee n 10 and 30 sec o nds. The d i stanc e of th e respons e curv e for 
th e po l ym e r from that of pur e tolu e n e i s th e n calcu l at e d i n accordanc e w i th th e formu l a 
given a bo v e. Tho m ol e cular weight of th e p o l y mer i s ca l cu l at e d us i ng th e cal i bration 
curv e of FIG. 8. 

As discussed above, d e pending upon tho l iqu i d to b o tested, other resonator des i gns 
may b e used. For e x a mp le , to i mprove the suppression of acoustic wav e s, a tun i ng fork 
r e sonator w i th four tin e s can be used. I t i s also possibl e to e xcite resonator osci ll at i ons 
through the us e of voltag e spik e s instead of a fr e q uenc y s we e ping AC sourc e . In this 
case the decaying fr ee osci ll at i ons of th o r o sonator are r e corded instead of tho 
frequ e ncy r e sponse. A variety of signal proce s sing t e chn i qu e s w e l l known by thos e of 
sk il l in tho art can bo used. 

[0041] An equ i val e nt circu i t of the tun i ng fork r e sonator 20 and i ts assoc i at e d 
measur e ment circu i t i s re pr e s e n ted in FI GS. 9a and 9b. F I G. 9al a represents an 
illustrative tuning fork resonator system that measures a liquid's viscosity and dielectric 
constant simultaneously, while FIG. 9b4b represents a tuning fork resonator system that 
can also measure a liquid's conductivity as well. Referring to FIG. 9a4a, the 
measurement circuit includes a variable frequency input signal source 42, and the 
resonator equivalent circuit 43 contains series capacitor Cs, resistor Rs, inductor L, and 
parallel capacitor Cp. The resonator equivalent circuit 43 explicitly illustrates the fact 
that the quartz crystal 24 in the tuning fork resonator 20 acts like a capacitor Cp. The 
representative circuit 40 also includes input capacitor Cin, input resistor Rin and an 
output buffer 44. 

[0042] The representative circuit shown in FIG. 9te4b adds a parallel resistor Rp in 
parallel to capacitor Cp to illustrate a circuit that measures conductivity as well as 
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dielectric constant and viscosity, preferably by comparing the equivalent resistance 
found in a given liquid with a known resistance found via calibration. These concepts 
will be explained in further detail below with respect to FIGS. 4£a5a-b, 43a6a-b, 44a7a- 
b, and 4£a8a-b. Rp represents the conductivity of the liquid being tested. The resistance 
can be calibrated using a set of liquids having known conductivity and then used to 
measure the conductivity of a given liquid. For example, FIG. 4c shows a sample trace 
comparing the resonator response in pure toluene and in KaBr toluene solution. A liquid 
having greater conductivity tends to shift the resonator response upward on the graph, 
similar to liquids having higher dielectric constants. However, unlike liquids with higher 
dielectric constants, a liquid having greater conductivity will also cause the resonator 
response to level out somewhat in the frequency sweep, as can be seen in the upper 
trace 45 between 30 and 31.5 kHz. In the example shown in FIG. 9s4c, the difference 
between the upper trace 45 and the lower trace 46 indicates that the equivalent 
resistance Rp caused by the additional KaBr in solution was about 8 mega-ohms. 
F I G, 10 i l lustrat e s an e m bodime nt of th e inv e ntion that can bo us e d for high throughput 
screening of catalyst comb i natorial li brar i es. The embodim e nt mon i tors tho molocular 
we i ght and concentrat i on, if n e cessary, of a po ly m er in a solut i on i n the pres e nc e of 
d i ff e r e nt cata l ysts wh ile th e reactions ar e runn i ng. Preferab l y th e system a l so i nc l udes 
means fo r m o nitor ing th e h e at g e n e r a ted dur i ng th e r e act i ons. T hus hun dreds of 
catalysts can be eva l uat e d in a s i ngl e o xporiment for such charactoristics as select i vity, 
co n v e rs i on rat o , etc. 

An array of m e asurem e nt w ell s 801 i s cont ai n e d w i th i n a substr at e 803. W i th i n e ach 
w e l l 801 is a resonator 805 for mol e cu l ar weight d e t e rm i nation and a th e r mi sto r 807 for 
hoat of react i on d e t e rmination. Preferabl y contacts 809 for r e so n a tor 805 and thermistor 
807 pass through t he botto m of su b strat e 803 w he r e the y are connected to the 
nec e ssary e l e ctron i cs. Much of the el e c t r onics can bo mount e d d i rectly t o the bottom o f 
s ubstr at e 803, simp l ifying the ov e r all s y s t e m d e s i gn. However , as previously described, 
th e array of r e sonator prob e s can a l so b e fabr i cat e d as a s tand a l on e arr a y to b e p l ac e d 
w i th i n th e corr e spo n ding m ea sur e m e nt w el ls of a combin atori a l li brary array duri ng 
t e sting. 

Th e m e asur e m e nt package w i thin each we l l 801 may a l so conta i n an ag i tator 811 to 
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i nsur e un i form conc e ntrat i on d i stribut i on w i th i n th o we ll . Typ i ca ll y agitator 811 i s not 
roquirod i f woll 801 is sma l l enough to promot o rap i d concentrat i on lovo li ng duo to 
diffus i on. Bosid o s monitoring th o hoot g e n e rat e d dur i ng th o r o act i ons, thermistors 807 
may a l so bo usod to proh o at tho m e d i a w i thin wells 801 up to a prodof i nod temperatur e 
and to k ee p th o temp e ratur e a t th o s a m o l e vel dur i ng th e re a ct i ons. I n a spec i fic 
embod i ment, a thermostat i ca l ly control l ed coo l ing l i quid 813 pass e s between tho wal l s 
of w ell s 801 , thus provid i ng a steady h o at transf e r from w el ls 801 . 

F I G. 1 1 i s a s i mpl i f ie d circu i t diagr a m for a multipl e x e d contro l c i rcuit su i tab le for us e 
with th o e mbod i m e nt shown i n F I G. 10. Although on l y thr o e mo a sur o m e nt c oll s 901 ar e 
shown, th i s contro l c i rcuit c a n b o us o d to mu l tipl e x a larg o array of c ol ls. Th o output of a 
r e sonator 003 pass e s through a loc a l buffer amp l if ie r 905 b e for e be i ng mu l tipl e x e d into 
a data a cqu i sit i on syst e m 907. Coupled to o ach th e rmistor 909 i s a th e rmostat 91 1. The 
h o at produc e d by a r e act i on c a us e s loca l th e rmostat 911 to drop down th o vo l tag e 
across th e rmistor 909 to k ee p i ts t e mp e ratur e at th o sam e le ve l . As w i th th e r e son a tor 
output, th i s vo l tag e i s multip l ex e d a nd acquir e d by data a cqu i sit i on syst e m 907. Thus 
th e h e at product i on giv e n by e ach r e action can b e e as il y ca l cu l at e d at a ny tim e , 
providing i nformat i on about th e activity of a part i cu l ar c a talyst. Th o data acquir e d by 
syst e m 907 i s proc e ssed by proc e ssor 913 and pr e s e nt e d to tho us e r v i a mon i tor 915. 
Th o d a ta may also b o stored i n m e mory r e sid e nt within proc e ssor 913. From th i s dat a 
th e r e act i ons occurr i ng in the var i ous w o l l s may b e simu l taneous l y char a ct e r i z e d. 

[0043] I n an alternate embod i ment, multipl e resonators are usod within o ach sing l e 
w ell of an array. Th o mu l tip le r e sonators typ i ca l ly hav e a d i ffer e nt reson a nc e fr e qu e ncy 
and/or geometry. Th i s embod i ment offers several advantages to tho prev i ous 
e mbod i m e nt uti li z i ng a s i ng le r e son a tor p o r w ell . First, th o dynamic s e ns i ng rang e of th e 
system may bo great l y extended s i nce each of the i nd i v i dual resonators may be 
d e sign e d to cov e r a d i fferent frequency rang e . S ec ond, th e s e nsit i v i ty ov o r th o s e ns i ng 
rang e may be e nhanced since each r e sonator may b e d e s i gned to be sens i tiv e to a 
d i ff e r e nt fr o quoncy rang e . For e xamp le, t h o graph i l l ustrat e d in FIG. 8 shows that for 
th i s particu l ar resonator design, tho bost accuracy was achiovod for mo le cular we i ghts 
i n th o rang e of 10,000 to 100,000. Uti li zing th o pr e s e nt e mbodim e nt, a r e son a tor with 
tho accuracy shown above could bo combined i n a sing l e samp le w ell w i th a resonator 
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having imp rov e d accuracy i n th o 100,000 to 1 ,000,000 rang e , thus prov i d i ng sup e rlativ e 
sens i ng capabiiitios throughout the 10,000 to 1 ,000,000 rango for a sing le samp l e we ll . 
Th e s i gna l s from th e i nd e p e nd e nt r e sonators may b e a n al yz e d us i ng such m e thods as 
n e ur a l n e tworks, e tc Experimental Examples 

[0044] FIGS. 42a5a-b, 43a6a-b, 44a7a-b and 4§a8a-b are examples demonstrating 
the effectiveness of the invention. These figures show some differences between the 
frequency responses, for various liquid compositions, of the plate-type TSM resonator 
10 and the tuning fork resonator 20. FIGS. 12a. 13a. 14a and 15a 5a. 6a. 7a and 8a are 
examples using the TSM resonator 10, and FIGS. 12b. 13b. 1 4 b and 15b 5b. 6b. 7b and 
8b are examples using the tuning fork resonator 20. 

[0045] The experimental conditions for generating the example tuning fork resonator 
traces in FIGS. 12b. 13b. 14b. and 15b 5b. 6b. 7b. and 8b are described below. The 
experimental conditions for generating the comparative TSM resonator traces in FIGS. 
12a. 13a. 14a and 15a 5a. 6a. 7a and 8a are generally similar to, if not the same as, the 
conditions for the tuning fork resonator except for, if needed, minor modifications to 
accommodate the TSM resonator's particular geometry. Therefore, for simplicity and 
clarity, the TSM resonator's particular experimental conditions will not be described 
separately. 

[0046] All of the solvents, polymers and other chemicals used in the illustrated 
examples were purchased from Aldrich, and the polymer solutions were made 
according to standard laboratory techniques. Dry polymers and their corresponding 
solvents were weighed using standard balances, and the polymer and solvent were 
mixed until the polymer dissolved completely, creating a solution having a known 
concentration. The solutions were delivered to and removed from a 30 ul stainless steel 
cylindrical measurement well that is long enough to allow a tuning fork resonator to be 
covered by liquid. Liquid delivery and removal to and from the well was conducted via a 
pipette or syringe. 

[0047] Before any experiments were conducted with the solutions, the tuning fork 
resonator response in air was measured as a reference. The actual testing processes 
were conducted in a temperature-controlled laboratory set at around 20 degrees 
Centigrade. Once the liquid was delivered to the well, the tuning fork was placed in the 
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well and the system was left alone to allow the temperature to stabilize. Alternatively, 
the tuning fork can be built into a wall portion or a bottom portion of the well with equally 
accurate results. The tuning fork was then oscillated using the network analyzer. The 
resonator response was recorded during each measurement and stored in a computer 
memory. The measured response curve was fitted to a model curve using an equivalent 
circuit, which provided specific values for the equivalent circuit components described 
above with respect to FIGS. &a4a and 9b4b and the traces in FIGS. 43a6a through 
4Sb8b. 

[0048] After the measurement of a given solution was completed, the resonator was 
kept in the well and pure solvent was poured inside the well to dissolve any polymer 
residue or coating in the well and on the tuning fork. The well and tuning fork were 
blown dry using dry air, and the tuning fork response in air was measured again and 
compared with the initial tuning fork measurement to ensure that the tuning fork was 
completely clean; a clean tuning fork would give the same response as the initial tuning 
fork response. Note that the above-described experimental conditions are described 
only for purposes of illustration and not limitation, and those of ordinary skill in the art 
would understand that other experimental conditions can be used without departing 
from the scope of the invention. 

[0049] Although both the TSM resonator 10 and the tuning fork resonator 20 are 
considered to be part of the method and system of the present invention, the tuning fork 
resonator 20 has wider application than the TSM resonator 10 and is considered by the 
inventors to be the preferred embodiment for most measurement applications because 
of its sensitivity, availability and relatively low cost. For example, note that in FIGS. 5a 
and 5b, the frequency sweep for the TSM resonator 10 is in the 8MHz range, while the 
frequency sweep for the tuning fork resonator 20 of the present invention is in the 25-30 
kHz range, several orders of magnitude less than the TSM resonator frequency sweep 
range. This increases the versatility and applicability of the tuning fork resonator 20 for 
measuring high molecular weight liquids because the operating frequency of the tuning 
fork resonator 20 is not high enough to make high molecular weight liquids act like gels. 
Further, because most applications for the solutions are lower frequency applications, 
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the laboratory conditions in which the liquid compositions are tested using the tuning 
fork resonator 20 more closely correspond with real-world conditions. 
[0050] Also, the operating frequency of the tuning fork resonator 20 varies according 
to the resonator's geometry; more particularly, the resonance frequency of the tuning 
fork 20 depends on the ratio between the tine cross-sectional area and the tine's length. 
Theoretically, it is possible to construct a tuning fork resonator 20 of any length for a 
given frequency by changing the tuning fork's cross-sectional area to keep the ratio 
between the length and the cross-section constant. In practice, however, tuning fork 
resonators 20 are manufactured from quartz wafers having a few selected standard 
thicknesses. Therefore, the cross-sectional area of the tuning fork 20 tends to be limited 
based on the standard quartz wafer thicknesses, forcing the manufacturer to change the 
tuning fork's resonating frequency by changing the tine length. These manufacturing 
limitations must be taken into account when selecting a tuning fork resonator 20 that is 
small enough to fit in minimal-volume sample wells (because the chemicals used are 
quite expensive) and yet operates at a frequency low enough to prevent the tested 
liquids from acting like gels. Of course, in other applications, such as measurement of 
liquids in a conduit or in other containers, the overall size of the tuning fork resonator 20 
is not as crucial, allowing greater flexibility in selecting the size and dimensions of the 
tuning fork resonator 20. Selecting the actual tuning fork dimensions and designing a 
tuning fork resonator in view of manufacturing limitations are tasks that can be 
conducted by those of skill in the art after reviewing this specification. 
[0051] Referring to FIGS. 42a5a and 42k5b, the solutions used as examples in 
FIGS. 42a5a and 45fe5b have somewhat similar structures and weights. As a result, the 
TSM resonator responses for each solution, shown in FIG. 45a5a, create very similar 
traces in the same general range. Because the traces associated with the TSM 
resonator 10 overlap each other to such a great extent, it is difficult to isolate and 
compare the differences between the responses associated with each solution. By 
comparison, as shown in FIG. 47fe5b, the increased sensitivity of the tuning fork 
resonator 20 causes small differences in the chemical structure to translate into 
significant differences in the resonator response. Because the traces generated by the 
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tuning fork resonator 20 are so distinct and spaced apart, they are much easier to 
analyze and compare. 

[0052] Using a tuning fork resonator 20 to measure properties of liquids also results 
in greater linearity in the relationship between the square root of the product of the 
liquid's viscosity density and the equivalent serial resistance Rs (FIGS. 43a6a and 
43b6b) as well as in the relationship between the dielectric constant and the equivalent 
parallel capacitance Cp (FIGS. 44a7a and 44b7b) compared to TSM resonators 10. For 
example, the relationship between the liquid viscosity and serial resistance for a tuning 
fork resonator 20, as shown in FIG. 4-3b6b, is much more linear than that for the TSM 
resonator, as shown in FIG. 43ar6a. 

[0053] Similarly, the relationship between the dielectric constant and the equivalent 
parallel capacitance is more linear for a tuning fork resonator 20, as shown in FIGS. 
44a7a and 44W7b. This improved linear relationship is primarily due to the relatively low 
frequencies at which the tuning fork resonator 20 operates; because many liquids 
exhibit different behavior at the operating frequencies required by the TSM resonator 
10, the TSM resonator 10 will tend not to generate testing results that agree with known 
data about the liquids' characteristics. 

[0054] FIGS. +§a8a and 4£b8b illustrate sample results from real-time monitoring of 
polymerization reactions by a TSM resonator and a tuning fork resonator, respectively. 
The graphs plot the equivalent resistance Rs of the resonators oscillating in 10 and 20 
mg/ml polystyrene-toluene solutions versus the average molecular weight of 
polystyrene. As explained above, high molecular weight solutions often exhibit different 
physical characteristics, such as viscosity, at higher frequencies. 
[0055] The size and shape of the TSM resonator 10 make the resonator suitable, but 
not as accurate, for real-time monitoring of polymerization reactions compared with the 
tuning fork resonator 20. This is because the TSM resonator's high operating frequency 
reduces the accuracy of measurements taken when the molecular weight of the 
polymerizing solution increases. As shown in FIG. 4§a8a, a high operating frequency 
TSM resonator is not very sensitive in monitoring the molecular weight of the 
polystyrene solution used in the illustrated example. A tuning fork resonator, by 
contrast, has greater sensitivity to the molecular weight of the solution being measured, 
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as shown in FIG. 4£br8b. This sensitivity and accuracy makes it possible, for many 
reactions, to estimate the amount of converted solution in the polymerization reaction 
and use the conversion data to estimate the average molecular weight of the polymer 
being produced. 

[0056] Although the above-described examples describe using a TSM or a tuning 
fork resonator without any modifications, the resonator can also be treated with a 
"functionality" (a specialized coating) so that it is more sensitive to certain chemicals. 
The resonator may also be treated with a general coating to protect the resonator from 
corrosion or other problems that could impede its performance. A representative 
diagram of an embodiment having a functionalized resonator is shown in FIGS. 4£a9a 
and 4€&r9b. Although FIGS. 46a9a and 4§b9b as well as the following description 
focuses on coating or functionalizing a tuning fork resonator, any other mechanical 
resonator can also be used without departing from the scope of the invention. 
[0057] The tuning fork resonator 20 can be coated with a selected material to 
change how the resonator 20 is affected by a fluid composition (which, as explained 
earlier, includes both liquid and vapor compositions). As mentioned above, one option is 
a general coating for providing the tuning fork resonator 20 with additional properties 
such as corrosion resistance, chemical resistance, electrical resistance, and the like. 
Another option, as noted above, is using a "functionality", which coats the tines with 
materials that are designed for a specific application, such as proteins to allow the 
tuning fork resonator 20 to be used as a pH meter or receptors that attract specific 
substances in the fluid composition to detect the presence of those substances. The 
coating or functionality can be applied onto the tuning fork resonator 20 using any 
known method, such as spraying or dipping. Further, the specific material selected for 
the coating or functionality will depend on the specific application in which the tuning 
fork resonator 20 is to be used. J. Hlavay and G. G. Guilbault described various coating 
and functionalization methods and materials to adapt piezoelectric crystal detectors for 
specific applications in "Applications of the Piezoelectric Crystal Detector in Analytical 
Chemistry," Analytical Chemistry, Vol. 49, No. 13, November 1977, p. 1890, 
incorporated herein by reference. For example, applying different inorganic 
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functionalities to the tuning fork resonator 20 allows the resonator to detect 
organophosphorous compounds and pesticides. 

[0058] An example of a tuning fork resonator that has undergone a functionalization 
treatment is illustrated in FIGS. 4§a9a and 4€kr9b. FIG. 4€a9a represents a tuning fork 
tine 22 that has been treated by absorbing, coating, or otherwise surrounding the tine 
22 with a functionality designed to change the tuning fork's resonance frequency after 
being exposed to a selected target chemical. In the illustrated example, the tuning fork 
tine 22 is covered with receptor molecules 90, represented in FIGS. ASa9a and 4Sb9b 
by Y-shaped members, designed to bond with specific target molecules. Because the 
resonance frequency and the damping of the tuning fork resonator depends on the 
effective mass of the tine 22 and the amount of "drag" of the tine 22 within the fluid, any 
change in the tine's mass or the amount of drag will change the tuning fork's resonance 
response. More specifically, the resonance frequency of the tuning fork resonator is 
proportional to the square root of the inverse of the tuning fork's mass. An increase in 
the tuning fork's mass will therefore reduce the tuning fork's resonance frequency. 
[0059] This mass-frequency relationship is used to detect the presence of a specific 
target chemical in a fluid composition in this example. When the functionalized tuning 
fork tine 22 is placed in a fluid composition containing the target chemical, the receptors 
90 on the tuning fork tine 22 will chemically bond with molecules of the target chemical 
92, as shown in FIG. 4§kr9b. The resonance frequency of the tuning fork resonator will 
consequently decrease because of the increased mass and the additional drag created 
by the additional molecules 92 attached to the tuning fork tines 22 via the receptor 
molecules 90. Thus, when screening a plurality of fluid compositions to detect the 
presence of a target chemical in any of them, only the fluid compositions containing the 
target chemical will cause the tuning fork's resonance frequency to change. Fluid 
compositions without the target chemical will not contain molecules that will bond with 
the receptor molecules 90 on the tuning fork tine 22, resulting in no resonance 
frequency change for those fluids. Alternatively, the tuning fork tines 22 can be 
functionalized with a material that physically changes when exposed to molecules of a 
selected chemical such that the material changes the mechanical drag on the tuning 
fork tine 22 when it is exposed to the selected chemical. For example, adding a 
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hydrophobic or hydrophilic functionality to the tuning fork tine 22 allows the tine 22 to 
attract or repel selected substances in the medium being analyzed, changing the mass 
or effective mass of the tuning fork and thereby changing its resonance frequency. 
[0060] In yet another embodiment of the present invention, multiple mechanical 
resonators can be attached together in a single sensor to measure a wider range of 
responses for a given fluid composition, as shown in FIGS. 17a, 17b and 17c. 10a, 10b 
and 10c. The multiple resonator sensor can be fabricated from a single quartz piece 
such that all of the resonators are attached together by a common base, as shown in 
the figures. The multi-resonator sensor could also be attached to multiple frequency 
generating circuits, such as multiple network analyzers 28, to measure properties of the 
fluid compositions over multiple frequency sweeps so that the generated data can be 
correlated to obtain additional information about the liquid compositions. Because 
different resonator structures are best suited for measurement over different frequency 
ranges and for materials having different characteristics, a sensor combining a plurality 
of different resonators can provide a more complete representation of the fluid 
composition's characteristics over a wider frequency range than a single resonator. 
FIGS. 17 a , 17b 10a, 10b and 4^1 0c show specific examples of possible multi-resonator 
configurations, but those of skill in the art would understand that sensors having any 
combination of resonators can be constructed without departing from the scope of the 
invention. 

[0061] FIG. 47a10a illustrates one possible sensor 100 configuration containing both 
a tuning fork resonator 102 and a TSM resonator 104. This type of sensor 100 can be 
used to, for example, measure the mechanical and electrical properties of very thick 
liquids such as polymer resins and epoxies. This sensor 100 can also be used to 
monitor a material as it polymerizes and hardens. For example, the sensor 100 can be 
placed in a liquid composition containing urethane rubber in its diluted state so that the 
tuning fork 102 is used initially to measure both the composition's density viscosity 
product and its dielectric constant. As the rubber changes to a gel and finally to a solid, 
the sensor 100 can switch to using the TSM resonator 104 to measure the rubber's 
mechanical properties, leaving the tuning fork resonator 102 to operate as a dielectric 
sensor only. 
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[0062] A sensor 106 for observing a fluid composition over a wide frequency range is 
shown in FIG. 10b. High polydispersity polymer solutions are ideally measured over a 
wide frequency spectrum, but most resonators have optimum performance within a 
relatively limited frequency range. By combining different resonators having different 
resonance frequencies and different response characteristics, it is possible to obtain a 
more complete spectrum of resonator responses for analyzing the fluid's characteristics 
under many different conditions. For example, due to the wide spectrum of polydisperse 
solution relaxation times, it is generally predicted that high molecular weight 
compositions will react at lower frequencies than lighter molecular weight compositions. 
By changing the temperature, observing the frequency response of different resonators, 
and correlating the different resonator responses, it is possible to obtain a more 
accurate picture of a composition's relaxation spectrum than from a single resonator. 
[0063] A low frequency tuning fork resonator 108 and a high frequency tuning fork 
resonator 1 10 in one sensor will probably suffice for most wide-frequency range 
measurements. For certain cases, however, the resonators in the multi-resonator 
sensor 106 can also include a trident tuning fork resonator 1 12, a length extension 
resonator 1 14, a torsion resonator 116, and a TSM resonator 118, membrane 
oscillators, bimorphs, unimorphs, and various surface acoustic wave devices, as well as 
any combination thereof, or even a single resonator structure than can operate in 
multiple mechanical modes (e.g. compression mode, axial mode, torsion mode). Of 
course, not all of these resonators are needed for every application, but those of skill in 
the art can select different combinations that are applicable to the specific application in 
which the sensor 106 will be used. 

[0064] Alternatively, multiple resonators having the same structure but different 
coatings and/or functionalities can be incorporated into one sensor 120, as shown in 
FIG. 4-7er -10c. In this example, a plurality of tuning fork resonators 122, 124, 126 have 
the same structure but have different functionalities, each functionality designed to, for 
example, bond with a different target molecule. The high sensitivity of the tuning fork 
resonators 122, 124, 126 makes them particularly suitable for "artificial noses" that can 
detect the presence of an environmentally-offending molecule, such as hydrogen sulfide 
or nitrous oxide, in industrial emissions. When the sensor 120 is used in such an 
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application, one tuning fork resonator 122 can, for example, be functionalized with a 
material designed to bond with hydrogen sulfide while another resonator 124 can be 
functionalized with a material designed to bond with nitrous oxide. The presence of 
either one of these molecules in the fluid composition being tested will cause the 
corresponding tuning fork resonator 122, 124 to change its resonance frequency, as 
explained with respect to FIGS. 4§a9a and 4§©9b. 

[0065] The tuning fork resonators 122, 124, 126 can also be functionalized with a 
polymer layer or other selective absorbing layer to detect the presence of specific 
molecules in a vapor. Because the tuning fork resonators 122, 124, 126 are highly 
sensitive to the dielectric constant of the surrounding fluid, the tuning fork resonators 
122, 124, 126 can easily detect changes in the dielectric constant of the fluid and 
recognize a set of solvents with different dielectric constants in the fluid. This 
information, combined with other observable parameters, makes tuning fork resonators 
particularly adaptable for use in artificial noses. 

[0066] The method and system of the present invention has been described above in 
the combinatorial chemistry context, but it is not limited to such an application. Because 
the resonators in the method and system of the present invention have high sensitivities 
and quick response times, it can be also be used for in-line monitoring of fluid 
compositions flowing through conduits or pipelines. For example, the invention can be 
used in a feedback system to monitor properties of liquids flowing through a gas or oil 
pipeline to monitor and control the concentration of additives in the gas or oil, or to 
detect the presence of impurities in water flowing through a water pipe. The additives or 
impurities will change the physical and electrical characteristics of the liquid flowing 
through the conduit. A functionalized tuning fork resonator 20 can further detect the 
presence of a specific chemical in a fluid composition, whether it is a liquid or a vapor, 
and can be used to monitor the presence of, for example, a known chemical pollutant in 
a smokestack. The high sensitivity and quick response time of the resonator, and the 
tuning fork resonator 20 in particular, makes it uniquely suitable for such an application. 
The circuitry and system used to generate the visual traces from the resonator's 
response can be the same as described above or be any other equivalent resonator 
analysis system. 
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[0067] Further, although the above description focuses primarily on using TSM 
resonators and tuning fork resonators, any other mechanical resonators exhibiting 
similar characteristics can be used. Tridents, cantilevers, torsion bars, bimorphs, and/or 
membrane resonators can be substituted for the TSM resonator or tuning fork resonator 
without departing from the scope of the claimed invention. 

[0068] It should be understood that various alternatives to the embodiments of the 
invention described herein may be employed in practicing the invention. It is intended 
that the following claims define the scope of the invention and that the methods and 
apparatus within the scope of these claims and their equivalents be covered thereby. 
I t is understood that the above descr i pt i on is i ntended to be i l l ustrative and not 
r e str i ct i ve. Many e mbod i m e nts as w e l l as many appl i cat i ons b e sid e s th e e xamp le s 
provid e d w i ll b e appar e nt to those of ski l l i n th e art upon read i ng th e abov e d e scr i ption. 
Th e scop e of th e i nv e nt i on shou l d, th e r e for e , b e d e t e rmin e d not w i th r e f e r e nc e to the 
above descr i pt i on, but should instead bo determ i n e d w i th r o foronco to the appended 
claims, along w i th th e fu ll scop o of e quival e nts to which such c lai ms ar e e ntit le d. The 
disc l osures of al l art i c l es and ref e r e nc e s, including patent applicat i ons and pub l icat i ons, 
are i ncorporat e d by r e f e r e nc e for a ll purpos e s. 
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W e claim: 

Cla i m 1: A m e thod for i n lin o mon i tor i ng of a flu i d composit i on, th e m e th o d 

compr i s i ng: 

p la c i ng a tun i ng fork r e sonator in contact w i th th e f l u i d compos i t i on i n a condu i t; 

osc ill at i ng the resonator wh i le the f l uid compos i t i on i s f l owing tho condu i t; 

mon i tor i ng th e resonator to obta i n a r e sonator r e spons e ; and 

determin i ng at l east two prop e rti e s of tho f l uid compos i tion basod on the 

r e sonator r e spons e . 

C l aim 2: Th e m e thod of c l aim 1, wh e r ei n the at lea st two prop e rti e s a r e se le ct e d 

from th e group consist i ng of viscos i ty, density, viscos i ty d e nsity product, mo l ecu l ar 
w e ight, sp e c i fic w e ight, el asticity, diol e ctr i c constant, conductiv i ty. 

C l aim 3: Th e m e thod of claim 2, wh o r oi n the at l oast two prop e rties are 

s i mu l taneously determ i ned based on the resonator response- 
C l a i m A: Tho mothod of claim 2, wh o ro i n tho at l east two properties are separate l y 

d e t e rmin e d bas e d on th o r e sonator r e spons e . 

C l a i m 5: The m o thod of c l a i m 2, whoroin th e at l e ast two properti e s ar e viscosity 

and d e ns i ty. 

Cla i m 6: Th o m o thod of claim 2, where i n tho at l oast two propert i es ar o v i scos i ty 

and d i ol o ctr i c constant- 
C l aim 7: Th o m o thod of claim 2, wh e re i n th o s e parat el y d e t e rm i n i ng step inc l ud e d 

s e parate l y determ i ning at loa st throo properties of th o fluid composit i on. 

Claim 8: The method of c l a i m 7, wh e re i n the at l east thr ee prop e rti e s are viscosity, 

d ie l e ctric constant a nd conductiv i ty. 
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Cla i m 9: Tho mothod of cla i m 2, further compr i s i ng: 

c al ibrat i ng the resonator a ga i nst a standard fluid or a numb e r of standard flu i ds 
having known properties to obtain calibration data; and 

d e termining th e at loast two prop e rti e s bas e d on t he cal i brat i on data and .the 

resonator respons e . 

Claim 10: Th o m o thod of claim 9, whoro i n th o condu i t is an oil pipo li ne. 

C l aim 11: A mothod for i n l ino monitoring of a fluid compos i tion, tho mothod 

compr i s i ng: 

cal i brating a tun i ng fork rosonator against a st a ndard flu i d or a number of 
standard flu i ds hav i ng known prop e rties to obta i n calibrat i on data; 

p l ac i ng th e resonator in contact w i th tho f l uid composition in a conduit; 

osc i llating the rosonator whil e th e fluid composit i on i s flowing th o condu i t; 

monitoring tho r o sonator to obtain a r o sonator response; and 

simultan e ous l y d e t e rmining at le ast two propert ie s bas e d on th e cal i brat i on data 

and th e r e sonator r e spons e . 

C l aim 12: Th o m o thod of claim 1 1 , whoroin tho at l oast two properties ar e viscosity 

a nd density. 

C l aim 13: Th e m e thod of cla i m 1 1 , wh e rein th e at l east two properties are viscos i ty 

and d iele ctr i c constant. 
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METHOD AND APPARATUS FOR CHARACTER I Z I NG MATER I ALS BY US I NG A 

MECHAN I CAL RESONATOR 

ABSTRACT 

A mothod and apparatus for m e asuring propert i es of a l i qu i d compos i t ion 
i nclud e s a mochan i cal resonator, such as a cant il ovor, connect e d 4o-a 
m o asuromont c i rcu i t. Tho mochan i ca l r e sonator can bo covorod w i th a coat i ng t o 
i mpart add i t i ona l spoc i a l dotoction prop e rtied to th o resonator, and m ultiple 
re sonators can bo a tt a ch e d tog et h e r as a s i ngle s e nsor to obtain mu l t iple 
froquoncv responses. Tho invent i on i s part i cu l arly su i tab l e for comb i nator i al 
ch e m i stry a pp l ications, which req uir e rapid ana l ys i s of ch e m i ca l prop e rt ie s for 
scr ee n i ng ^ 



45 



Express Mailing No. EV689505560US 

Attorney Docket No. 1012-122C5 (97-8CIP1CON5) 



Substitute Specification 



ABSTRACT 

A method and apparatus for measuring properties of a liquid composition includes a 
mechanical resonator, such as a cantilever, connected to a measurement circuit. The 
mechanical resonator can be covered with a coating to impart additional special 
detection propertied to the resonator, and multiple resonators can be attached together 
as a single sensor to obtain multiple frequency responses. The invention is particularly 
suitable for combinatorial chemistry applications, which reguire rapid analysis of 
chemical properties for screening. In one embodiment, the resonator is operated at a 
freguencv of less than 1 MHz. 
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